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Abstract

In Canada transport companies must ensure that truck drivers can comply with Canadian
Commercial Vehicle Drivers Hours of Service Regulations. Canadian regulations comprise the
provisions found in U.S. hours of service regulations as well as additional constraints on the
maximum amount of driving and the minimum amount of off-duty time on each day. This paper
presents a mixed integer programming formulation and an iterative dynamic programming ap-
proach for minimising the duration of truck driver schedules complying with Canadian hours of
service regulations. Computational experiments show that schedule durations can be significantly

reduced compared with a previously presented approach which only focusses on feasibility.
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1 Introduction

Economic pressure forces transport companies to maximise vehicle utilisation and minimise labour
costs. An excessive focus on these economic objectives can lead to unreasonable tight schedules
which do not give drivers enough time for recuperation. In a study on sleeping patterns of truck
drivers by Mitler et al. (1997), Canadian truck drivers regularly drove up to 13 hours between rest
periods of 8 consecutive hours. The study revealed that on average drivers sleep less than 5 hours
per day which is 2 hours less than the average ideal reported by the drivers. More than half of the
drivers had at least one six-minute interval of drowsiness while driving within the five-day study. This
indicates that driver fatigue contributes to reduced road safety. An important key in preventing fatigue
related accident risk is to explicitly consider driving and working hour regulations when generating
truck driver schedules

The first research known to the author explicitly considering government regulations concerning
working hours of truck drivers is the work by Xu et al. (2003) who study a rich pickup and delivery
problem with multiple time windows and restrictions on drivers’ working hours as imposed by the
U.S. Department of Transportation. Xu et al. (2003) conjecture that the problem of finding a feasible
schedule complying with U.S. Hours of Service regulations is NP-hard in the presence of multiple
time windows. Archetti and Savelsbergh (2009) show that if each location must be visited within a
single time window, schedules complying with U.S. Hours of Service regulations can be determined
in polynomial time. Goel and Kok (2010) show that schedules complying with U.S. Hours of Service
regulations can also be determined in polynomial time in the case of multiple time windows, if the gap
between subsequent time windows at the same location is at least 10 hours. This situation occurs, for
example, if, because of opening hours of docks, handling operations can only be performed between
8.00 AM and 10.00 PM. Rancourt et al. (2010) present a tabu search heuristic for a combined vehicle
routing and truck driver scheduling problem using a modified version of the approach by Goel and
Kok (2010).

Heuristics for combined vehicle routing and truck driver scheduling in Europe are presented by
Goel (2009), Kok et al. (2010), and Prescott-Gagnon et al. (2010). The work by Goel (2010) presents
the first method capable of finding a feasible schedule complying with European regulations if such a

schedule exists. European Union regulations are more complex than U.S. hours of service regulation,



because they require that in addition to rest periods, in which drivers can sleep, shorter breaks for
recuperation must be scheduled after four and a half hours of driving. An exact approach and various
heuristics for truck driver scheduling in Australia are presented by Goel et al. (2011). Due to the spe-
cific structure of Australian regulations these approaches are completely different to the approaches
for truck driver scheduling in the Unites States and the European Union.

Kok et al. (2011) present a mixed integer programming formulation for the minimum duration
truck driver scheduling problem in the European Union focusing on a planning horizon of at most
13 hours, i.e. a working day. Unlike the other approaches for truck driver scheduling, the approach
by Kok et al. (2011) assumes that truck drivers may only take rest periods at customer locations
and at suitable parking lots. For longer planning horizons of multiple days Goel (2011) presents a
mixed integer programming formulation for minimum duration truck driver scheduling problems with
multiple time windows where truck drivers may only take rest periods at customer locations and at
suitable parking lots. The formulation can be used for the regulations in the United States and the
European Union.

Canadian Commercial Vehicle Drivers Hours of Service Regulations comprise regulations similar
to those in the United States and additional constraints limiting the maximum amount of driving time
on a day and the minimum amount of off-duty and break time on a day. Goel and Rousseau (2011)
introduce the Canadian truck driver scheduling problem which is the problem of determining whether
it is possible to schedule driving and working hours of truck drivers in such a way that a sequence of
locations can be visited within given time windows and that Canadian hours of service regulations are
complied with. Goel and Rousseau (2011) present a dynamic programming approach for the Canadian
truck driver scheduling problem and show that the additional constraints which differentiate Canadian
regulations from U.S. regulations significantly complicate the problem.

This paper presents a mixed integer programming formulation for a variant of the Canadian truck
driver scheduling problem in which each customer must be visited within one of multiple time win-
dows, in which rest periods must only be taken at customer locations or at suitable parking lots, and in
which the objective is to minimise the total duration of the schedule. An iterative dynamic program-
ming approach is presented which minimises schedule durations using an adaptation of a dynamic

programming approach presented by Goel and Rousseau (2011). Computational experiments demon-



strate that the duration of schedules is significantly smaller compared to the duration of schedules
obtained by the adaptation of the dynamic programming approach. Furthermore, computational ex-
periments show that the minimum duration Canadian truck driver scheduling problem can be solved
faster with the iterative dynamic programming approach than solving the mixed integer program with
CPLEX 12.

The remainder of this paper is organised as follows. In Section 2 Canadian hours of service
regulations are described. Section 3 presents the mixed integer programming formulation. Section 4
presents the iterative dynamic programming approach. In Section 5 computational experiments are
presented demonstrating the effectiveness of the iterative dynamic programming approach. Section 6

concludes the paper.

2 Canadian Commercial Vehicle Drivers Hours of Service Regulations

Canadian regulations concerning driving and working hours of commercial vehicles are described
in Transport Canada (2005) and interpreted in Canadian Council of Motor Transport Administrators
(2007). In Canada two sets of regulations exist, one of which applies to driving conducted south of
latitude 60° N and one to driving north of latitude 60° N. In the remainder of this paper we focus
on the subset of regulations applicable for driving south of latitude 60° N because this is the area of
major economic concern. The regulation defines on-duty time as the period that begins when a driver
begins work and ends when the driver stops work and includes any time during which the driver is
driving or conducting any other work. Off-duty time is defined by any period other than on-duty
time. The regulation imposes restrictions on the maximum amount of on-duty time and the minimum
amount of off-duty time during a day. According to the regulation a day means a 24-hour period that
begins at some time designated by the motor carrier. For simplicity and w.l.o.g. let us assume in
the remainder that this time is midnight. The regulations imposes the following constraints on truck

driver schedules:

1. The driver must not drive after accumulating 13 hours of driving time since the end of the last

period of at last 8 consecutive hours of off-duty time.



2. The driver must not drive after accumulating 14 hours of on-duty time since the end of the last

period of at last 8 consecutive hours of off-duty time.

3. The driver must not drive after 16 hours of time have elapsed since the end of the last period of

at least 8 consecutive hours of off-duty time.
4. The driver must not drive for more than 13 hours in a day.
5. The driver must accumulate at least 10 hours of off-duty time in a day.

6. At least 2 hours of off-duty time must be taken on a day which are not a part of a period of
8 consecutive hours of off-duty time as required by provisions 1 to 3. If a period of more
than 8 consecutive hours of off-duty time is scheduled, the amount exceeding the 8th hour may

contribute to these 2 hours.

7. Periods of less than 30 minutes, in which the driver is neither driving nor working, do not count
toward the minimum off-duty time requirements required by provisions 5 and 6, even though

they are considered as off-duty time by the definition.

Table 1 summarises the parameters imposed by the regulation and the notation used in this paper.

3 A Mixed Integer Programming Model

Let us consider a sequence of n locations which shall be visited by a truck driver. At each location
1 < 7 < n some stationary work of duration w; shall be conducted. This work shall begin within
one of multiple disjunct time windows. The number of time windows at location 1 < ¢ < n shall
be denoted by 7;. For each 1 < 7 < T; the 7th time window at location ¢ shall be denoted by the
interval [t;‘jiT“, t;“?"] The driving time required for moving from location ¢ to ¢ + 1 shall be denoted
by 6;+1. The time horizon shall be denoted by thorizon - We assume that drivers may only take rest
periods after arrival at a location and before starting the work activity at the location. The model

presented in this section can also be used if drivers may take rest periods after completing the work or

at suitable parking lots on the trip from one location to another. As indicated by Goel (2011) dummy



Notation Value Description

grest 8h The minimum duration of a rest period
gdrive 13h  The maximum accumulated driving time between two consecutive rest periods and
the maximum accumulated driving time on a day
gon-duty 14h  The amount of accumulated on-duty time since the last rest period after which a driver
may only continue to drive if a new rest period is taken
gelapsed 16 h  The amount of time elapsed since the last rest period after which a driver may only

continue to drive if a new rest period is taken

gday 24h  The duration of a day

goff-duty 10h  The minimum amount of off-duty time on a day
threak 2h  The minimum amount of off-duty time on a day which is not part of a rest period
tidle 1h  The minimum length of an off-duty period period to be counted

Table 1: Parameters imposed by the regulation

locations with zero working time can be inserted in the tour in order to allow drivers to take take rest
periods after completing the work or at suitable parking lots.

The Canadian minimum duration truck driver scheduling problem (CAN-MDTDSP) is the prob-
lem of determining a schedule complying with Canadian regulations in which all work activities begin
within one of the corresponding time windows and which has the minimal duration.

Let us begin with presenting a mixed integer programming formulation of a relaxation of the
CAN-MDTDSP in which only provisions 1 to 3 of the regulation must be complied with. These
provisions are similarly structured as the provisions in the United States. Thus we can provide a
mixed integer programming formulation of the relaxed CAN-MDTDSP similar to the formulation
presented by Goel (2011).

For each location 1 < i < n the formulation comprises variables 7", xf“begin, plestend | gstart
xi?“d representing the arrival time, the start and end time of a period of at least 8 consecutive hours of
off-duty time, and the start and end time of the work at location 4. For each location 1 < ¢ < n and
each time window 1 < 7 < T; the formulation comprises a binary variable y; , indicating whether

the th time window of location i is used (y; - = 1) or not (y; - = 0). Furthermore, for each location
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1 <4 < n the formulation comprises the binary variable z;

8 consecutive hours of off-duty time is taken at location % (z{‘aSt = 1) or not (z{eSt = 0).
The relaxed CAN-MDTDSP is
minimise

end _  start
n

subject to
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start ¢ 10, ¢horiZon] forall 1 < i < n (7.4)

:EZ
2 ¢ [0, thrzn) forall 1 < i < n (7.5)
yir €{0,1}forall1 <i<n,7eT; (7.6)
2t e {0,1} forall 1 <i<n (7.7)

The objective function (1) is to minimise the duration between the start of the first work and the
end of the last work. Constraints (2.1) to (2.5) demand that all time values coincide with the course

of events. If z[**' = 1 for somel < i < n then constraint (2.2) demands that the end of the rest period

restbegin
i

restend

and are without

is at least t™ higher than the begin of the rest period. Otherwise, x

meaning and can be placed anywhere between x‘;‘m"al

and z3™". Constraint (3.1) demands that at any
location exactly one of the time windows is used. Constraints (3.2) and (3.3) are the time windows
constraints. Constraint (4) demands that no driving is conducted after t°18P%*d has elapsed since the last
rest period of at least ¢ duration. Constraint (5) demands that the accumulated amount of driving
without a rest period of at least ¢ duration does not exceed t4"¥¢, Constraint (6) demands that no
driving is conducted after t°™ % of driving and work have been accumulated since the last rest period
of at least ¢" duration. The variable domains are given by (7.1) to (7.7).

The relaxed CAN-MDTDSP defined by (1) to (7) does not consider the constraints of the reg-
ulation regarding the maximum amount of driving time and the minimum amount of off-duty and
break time on each day. In order to consider these constraints we need to add variables to the problem
formulation which indicate the day of the arrival time at a location as well as the day of the start and
end of the work conducted at a location. For each location 1 < ¢ < n we add the integer variables

d;‘mval, d*", and d‘;'“d and we add the following constraints.

(d;mival -1)- tday < :c?”ival < d?rival A9 foralll <i<n (8.1)
(dst — 1) - 4y < i < e 19 foralll1 <i<n (8.2)
(df.“d -1)- iy < :pf-“d < df“d 9 foralll1 <i<n (8.3)
dFA e {1, [eherion Y | 1) forall 1 < i < (8.4)
e {1, .., [¢hoiEen 44y | 1Y forall 1 < i < n (8.5)



d hori d :
d" e {1, [Nt |+ 1) foralll < i <n (8.6)
We assume that, if an optimal solution exists, the optimal solution satisfies

ds" < @@l 4 1 forall 1 <i < n.

Note that this condition is only violated if z§®&t — garmival

is very large for any 1 < ¢ < n, i.e. there
is a long period of off-duty time. If there is the possibility that this condition cannot be satisfied for
all locations, we can add dummy locations to the tour with zero driving time, zero working time and
unlimited time window. By this the long period of off-duty time can be split into several parts and the
condition of the assumption can be satisfied.

The constraints on the maximum amount of driving time on a day can be considered by introduc-

drive . drive drive drive
% - T

ing additional variables 7{™"¢, pi™*¢, and ¢ represents the accumulated amount of driving

drive
7

until arrival at location 7. pdrive

i represent the accumulated amount of driving until the end

and ¢

of the last day preceding 2™ and d¢™d. We add the following constraints to the formulation.

7<t
rdie =3 "6, 41 foralll <i<n 9.1)
j=1
P =0 9.2)
T;ilrive < qgrive + tdrive (93)
drive drive

Constraint (9.1) determines the value of r;™°. Constraint (9.2) initialises pi™"® and constraint (9.3)

i
demands that the accumulated amount of driving until the end of the schedule does not exceed the

accumulated amount of driving until the end of the day preceding d" plus t41ive,

drive

If dfrrival = df“d for some 1 < i < n then the value of ¢¥¥® must have the same value as D5

7

This is achieved by adding the following constraints to the formulation.
drive drive end arrival horizon .
P < g™ + (&5 — df )t foralll <:<n (9.4)
drive drive end arrival horizon .
g < pit (5 = dT) -t foralll1 <i<n 9.5)
If d?”ival < d;?“d for some 1 < ¢ < n then the time between x?"i"al and a:i-’“d includes midnight. As no
drive

driving is conducted in this time ¢;"*® must have the same value as rfr“’e

and we add the following

constraints to the formulation.

q;irive < 7a;lrive + ( dzilrrival +1— dgnd) . thorizon foralll1<i<n (96)



drlve < qdrlve (d?rrival 41— d;:nd) . thorizon foralll1 <i<n (97)
Furthermore, we need the make sure that the accumulated amount of driving on day d;i‘”ival does not

exceed the limit. This is achieved by adding the following constraints to the formulation.

g drive < pdrlve + tdrive + ( deilrrival 41— dgnd) X thorizon foralll1 <i<n (9.8)

If ale“d1 = d‘g‘mv‘gll for some 1 < ¢ < n then the value of pdrlve must have the same value as qdr“’e

This is achieved by adding the following constraints to the formulation.
plrlve < qdnve ( d?m'val _ dggdl) . thorizon foralll < i <n (9.9)

g rlve < pdnve ( dgrrival _ dggdl) . thorizon foralll <i<n (9.10)

If d" < @™ for some 1 < i < n then the time between 2" and 3™ includes midnight.
The amount of driving conducted on day dg{dl is determined by subtracting the amount of driving
between midnight and a:';‘mval from T?rive. This is achieved by adding the following constraints to the

formulation.

pciirive < T;irive _ ( xarrival . dggdl . tday) ( dendl +1— d’grrival) . thorizon foralll<i<n 9.11)

2

T(jrive . ( xe}rrival o dg,gdl . tday) < pgrive + ( dfz?gdl +1— d;u“rival) . thorizon foralll <i<n (912)

(2 3

We need the make sure that the accumulated amount of driving on day d‘i’m"al does not exceed the

limit. This is achieved by adding the following constraints to the formulation.
S drive < qdrlve + 2edrlve (dg,idl 41— da;}rriva]) X thorizon foralll <i<n (913)

Eventually, we add the variable domains to the formulation.

pi™e € [0, "0 forall 1 < i < n (9.14)
gi™ € [0, "7 forall 1 <i < n (9.15)
rdive ¢ [0, $horizon] forall 1 < i < n (9.16)
The example illustrated in Figure 1 shows the values of rd”"e pd”Ve and q‘llrlve resulting from

constraints (9.1) to (9.16).

10



\ Day 1 % Day 2 %
£ Z Z Z £
BREAK g
1h 7h 2h 1h 3h 8h 1h 6h 1h 7h 1h
T.(lirive =0, ptfrive =0, q(lirive =0, Tﬁffdm)’ =0, p‘iffd“‘)’ =0, q‘llffdm)’ =0, rllnrea.k =0, plireak =0, qllarea.k =0
Tgrive =7, pgrive =0, qgrive =0, Tgffd“ly =2, pgffduty =0, qgffduly =0, Tgreak =2, pgreak =0, qgreak =0
,’,grive =10, pgrive =0, qgrive =0, T‘gffdmy =10, pgffd“‘)’ =0, qgffdmy =0, T.grea.k =2, pgreak =0, qgrea.k =0
Tirive = 16, pgrive =11, qilrive =11, Tszduly =10, pzﬂduty =10, qufdmy =10, Tgreak =2, plireak =2, qgreak —9
,’,grive =23, pgrive =11, qgrive =11, T‘gffdmy =10, pgffd“l)' =10, qgffdmy =10, T.ISJreak =2, pgreak =2, ql53rea.k —9

Figure 1: Example

In order to consider the constraints on the minimum amount of off-duty and break time on a
day we must distinguish between off-duty periods of less than ¢4 and off-duty periods of at least

#9e duration. For this we add a binary variable zidle which indicates whether 25" — x?mval < tidie

(z%dle = 1) or not (z'9¢ = (). We add the following constraints to the formulation.

i

Adle _ g (10.1)
it x?rrival + z;dle . ghorizon > yidle g0 a1 ] < § < gy (10.2)
it — wg‘nival < idle (1- z;dle) Cghorizon forall 1 < i < n (10.3)
Zidle ¢ 0,1} forall1 <i<n (10.4)

The constraints on the minimum amount of off-duty time on a day can be considered by intro-

ducing additional variables r?ﬁdmy, pgffdmy, and qfffdmy. r?ffdmy represents the accumulated amount of
off-duty time until the start of the work at location i. p" "% and ¢”"™™¥ represent the accumulated

amount of off-duty time until the end of the last day preceding d‘i‘m"al and di*"'. We add the following

constraints to the formulation.

Ttl)ffduty _ :Citart (11.1)

r;)if(liuty < T?ffdmy < T;)Ef(liuty + xzstart _ :Ea;}rrival foralll <i<n (11.2)
r;)ffduty <1 Eﬁiluty (11— Z%dle) ghorizon foall 1l < i < (11.3)
r;’ffclluty 4 gt _ garbval < rfffdmy 4 zidle . ghorizon g5 a1l 1 <4 < (11.4)
p(l)ffduty 0 (11.5)

11



T‘;)fodmy + d%nd . tday _ x%nd > q;)Lffduty + toffduty ( 11‘6)

offduty

Constraints (11.1) to (11.4) determine the value of 7; considering that off-duty periods of less

than 9 are not counted. Constraint (11.5) initialises p‘fffdmy and constraint (11.6) demands that the
accumulated amount of off-duty time until the end of the schedule plus the remaining time until the

end of the last day is at least q%ffdmy plus ¢offduty
offduty

i

offduty

If damival = gstart for some 1 < 4 < n then the value of g must have the same value as p;

This is achieved by adding the following constraints to the formulation.
p(i)ffduty < q;)ffduty + ( d?tan _ d?mval) _thorizon forall1 <i<n (11.7)

q;)ffduty S p?ffduty + (d’sitart o d?_rrival) . thoriZOIl for all 1 S i S n (118)

If g@ival < g8t for some 1 < i < n then the time between 2™ and z$@ includes midnight.
If zi4® = 0 then the amount of off-duty time on day d2™" is determined by subtracting the amount

offduty If Zi.dle
: i

of off-duty between midnight and z$*" from 77 = 1 then the amount of off-duty time on

day d?mval is r?ffdmy. We add the following constraints to the formulation.
X < Oy qarrival o gtarty  ghorizon for a]] 1 < 4 < (11.9)

qufduty o (:L,?tart _ d?rrival . 7fday) < q;)ffduty + (dziirrival +1— dzstart) . thorizon forall1 <i<n (11.10)

i
T;)ffduty < q;)ffduty + (1 _ Z;dle) . thorizon + (dz;.rrival +1-— d:tal‘[) . thorizon foralll1 <i<n (1111)

q;)ffduty < r;)ffduty _ ( l,?tart _ deilrrival . tday) + Z%dle . thorizon + ( d;lrrival +1— d;jtart) . thorizon forall1 <i<n
(11.12)
We need the make sure that the accumulated amount of off-duty time on day d2™¥ is at least ¢°fduty,

This is achieved by adding the following constraints to the formulation.

qufduty 4 7toffduty < qqufduty + ( d;lrrival 41— dztart) . 75horizon foralll1 <i<n (1113)

(2

offduty

)

offduty

If démival = g8ttt for some 1 < i < n then the value of p must have the same value as ¢}

This is achieved by adding the following constraints to the formulation.

P < g (gl gty . gherizon forall 1 < i < (11.14)

12



q;)ff(liuty < poﬁduty + (damval d;tjlrlt) . thorizon foralll < i <n (1115)

If ™ < alam"al for some 1 < i < n then the time between 25 and 2™ includes midnight.

offduty offduty

As no off-duty time is taken in this period p; must have the same value as r,_; > and we add the

following constraints to the formulation.
offduty - offduty gt _ gamivaly | horizon g0 g1 1 < 11.16
p; <rip o (@ + 5 oralll <z<mn (11.16)
;)ff(lluty S poffduty + (dstar . dzg.rrival) . thoriZOIl foralll < i S n (1117)

We need the make sure that the accumulated amount of off-duty time on day preceding d;‘mval is at

least ¢°UY  This is achieved by adding the following constraints to the formulation.
Oy y poffduty o poffduty y gstart 4 g gareival)  ghorizon for o] | < j < g (11.18)

Eventually, we add the variable domains to the formulation.

p?ffduty € [0, N0 forall 1 < § < n (11.19)
q;)ffduty € [0, "7 forall 1 < i < n (11.20)
r;_)ffduty e [o, thorizon] foralll1 <i<mn (11.21)
The example illustrated in Figure 1 shows the values of romuty, p;)ffduty, and qfﬁduty resulting from

constraints (11.1) to (11.21).
The constraints on the minimum amount of break time on a day can be considered similarly to
the constraints on the minimum amount of off-duty time on a day. Break time can be scheduled

stbegi ; i
between a;m“’al and :ttgeb " and between xf’smd and z5™". We can demand that if d;'mval < g

b - , v ,
then ™8™ < garival . gday apq grestend > garival . 4day - Qtherwise, we can move some of the break

restbegin restend

time scheduled before x, to after x; or vice versa without violating any other constraint.

Thus, we add the following constraints to the formulation.

:L_ljestbegin < d;}rrival . tday 4+ ( d;lrrival 41— dztart) . 75horizon forall1<i<n (121)

i
dziirrival X tday < x;estend + ( d?rrival +1— dztart) . thorizon forall1 <i<n (12.2)

In order to consider the constraints on the minimum amount of break time we introduce additional

break , break

variables 7", p*®, and ¢;

break ?reak represents the accumulated amount of break time until the

13



break break

start of the work at location 4. p;"*** and ¢;"*** represent the accumulated amount of break time until

the end of the last day preceding d?mval and d3". We add the following constraints to the formulation.

rll)reak xsltart (13.1)

pbresk o pbreak o break y restbegin _parival | st prestend gor a11 1 < 4 <y (13.2)
bI‘Cdk <r break + (1 - 1d1e) thonzon foralll < i <n (13.3)

?re;lak + rebtbeglﬂ . xzzrrival + x’sita_rt _ l,gestend < T?reak + Z;dle . ghorizon g0 011 1 <i<n (13.4)
phreak — (13.5)

T‘zreak + d%nd . pday end > qbreak + 2Sbre.alk (13.6)

Constraints (13.1) to (13.4) determine the value of rbreak considering that off-duty periods of less
than #'9'° are not counted. Constraint (13.5) initialises pbreak and constraint (13.6) demands that the
accumulated amount of break time until the end of the schedule plus the remaining time until the end
of the last day is at least 2™ plus ¢reak,

break

If darrlval = d™" for some 1 < ¢ < n then the value of qbreak must have the same value as p;

This is achieved by adding the following constraints to the formulation.
break < break start arrival horizon :
D; G+ (™ = dETY) -t foralll1 <i<n (13.7)

¢ break < pbreak ( d;tart _ d?rrival) . thorizon foralll1 <i<mn (13.8)

If d‘;“i"al < di™* for some 1 < ¢ < n then the time between x?mval and z{" includes midnight.

If zi»dle = 0 then the amount of break on day cl‘.lrrival is determined by subtracting the amount of break

arrival

between 71" and z$@ from 7Pk If 219 = 1 then the amount of off-duty time on day d? is
r?reak. We add the following constraints to the formulation.
qbreak < 7nbreak ( d;lrrival +1— dztart) . 75horizon foralll1 <i<n (139)

,nli)reak _ (:L,ztart _ xrestend) < qbreak (d?rrival +1— d;tart) . thorizon forall1 <i<n (13.10)
break < qbreak + (1 o Z;dle) i thorizon + ( d;lrrival +1— d?tan) . thorizon forall1 <i<n (13.11)
break < 7Jiarea.k_( xztart_ x;estend) + Z;dle'thorizon +( d?rrival +1— dztart)_thorizon foralll <i<n (13.12)

Qi )
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We need the make sure that the accumulated amount of break time on day d™?! is at least >3, This

is achieved by adding the following constraints to the formulation.

break + 2Ebreak < qbreak ( d?rrival +1— d;tart) . thorizon forall1 <i<n (13.13)

If d“‘mv‘ll d™ for some 1 < ¢ < n then the value of pb“’“lk must have the same value as qbredk

This is achieved by adding the following constraints to the formulation.
pzreak < qbreak ( deiirrival _ dit—arlt) . thorizon foralll <i<n (13.14)

s reak < pbreak ( deilrrival dstart) thorizon forall1 < i <n (131 5)

If &5 < d2™al for some 1 < i < n then the time between 2" and 224! includes midnight.

break

As no break time is taken in this period p?*® must have the same value as 7" and we add the

following constraints to the formulation.
plreak < rbreak ( dstart d;}rrival) . thorizon foralll <i<n (13.16)

break < pbreak ( d;tjrlt +1— d;\rrival) . thorizon foralll <i<n (13.17)

We need the make sure that the accumulated amount of break time on day preceding d;‘mval is at least

tPreak This is achieved by adding the following constraints to the formulation.
qEEaak + tbreak < pbreak ( dztfrlt +1— d;lrrival) . thorizon foralll <i<mn (13.18)

Eventually, we add the variable domains to the formulation.

p’i’reak € [0, thorizon] foralll <7 <n (13.19)
g € [0, thEn) forall 1 < i < n (13.20)
rPreak ¢ [0, ¢honzon] forall 1 < i < n (13.21)
The example illustrated in Figure 1 shows the values of rbreak, ps’reak and qbreak resulting from con-

straints (13.1) to (13.21). With (1) to (13) we have a mixed integer programming formulation of the

Canadian minimum duration truck driver scheduling problem.
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4 Dynamic Programming

The CAN-MDTDSP defined by (1) to (13) can be solved using any mixed integer programming
solver. However, as Section 5 will reveal, the computational effort is extensive. Instead of solving
the CAN-MDTDSP using a mixed integer solver we can using dynamic programming. Goel and
Rousseau (2011) present a dynamic programming approach for truck driver scheduling in Canada.
In the Canadian truck driver scheduling problem studied by Goel and Rousseau (2011) each location
is associated a single time window and truck drivers may take rest periods everywhere and not only
at customer locations and parking lots. The duration of schedules is not considered at all. Instead
the goal is to determine whether a sequence of customer locations can be visited within their time
windows without violating Canadian driver regulations. In fact the dynamic programming appproach
by Goel and Rousseau (2011) imposes stricter constraints than the regulation. An additional constraint
is imposed and exploited which demands that between two rest periods of 8 consecutive hours, the
accumulated amount of on-duty time and off-duty time of less than 30 minutes does not exceed
tday _ ¢offduty - Eyrthermore, it is assumed that all parameters representing time values are a multiple
of 15 minutes.

The dynamic programming approach is fairly complicated and a detailed description would go
beyond the scope of this paper. The fundamental idea of the dynamic programming approach is to
take an initially empty schedule and use different operators to transform this schedule into a sched-
ule satisfying the constraints of the problem. Three types of operators are used. The first operator
appends a driver activity with one of the following five types DRIVE, WORK, REST, BREAK, and
IDLE. Activities of type DRIVE represent driving time, activities of type WORK represent time in
which the driver is conducting stationary work, activities of type REST represent periods of at least
8 consecutive hours of off-duty time, activities of type BREAK represent other off-duty periods of at
least 30 minutes duration, and activities of type IDLE represent off-duty periods of less than 30 min-
utes duration. The second and third operator increase the duration of the last period of type REST
or BREAK. With these operators the dynamic programming approach generates a large set of alter-
native schedules in order to guarantee that a feasible schedule is found if one exists. To reduce the

computational effort the approach uses dominance criteria to discard as many schedules as possible.
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In order to be able to adopt this dynamic programming approach for the problem variant studied in
this paper we need to be able to consider multiple time windows. The approach can be modified in a
way that for each of the time window a different schedule is generated. To ensure that rest periods are
only taken at customer locations or parking lots, the dynamic programming approach can be modified
in such a way that if a driving period can not be fully scheduled due to rest requirements, all rest
required is scheduled before the driving period. With these modifications we can determine whether
a feasible solution exists for the problem variant studied in this paper. Note that we assume that rest
periods may be taken immediately after completion of the work at a customer location. For hours of
service regulations in the United States and the European Union, Goel (2011) shows in detail how
the specific problem characteristics of this paper can be considered within a dynamic programming
approach for truck driver scheduling.

As we will see, the schedules generated using the dynamic programming approach have a poor
quality and the total duration of the schedule is significantly larger than necessary. However, we can
also use this approach to minimise schedule durations. Each schedule generated by the approach
has different characteristics which determine the sequence of operator moves that can be applied. A
core feature of the approach is to discard schedules which are dominated, i.e. a schedule is discarded
if another schedule is found which has better characteristics. Unfortunately, the schedule duration
does not belong to the characteristics considered within the procedure for checking whether a sched-
ule is dominated or not. Modifying the dominance check in such a way that the schedule duration
is also considered, however, would significantly weaken the criteria for dominance and the modi-
fied approach would not be competitive in terms of computational effort. The completion time of
the schedule, however, is one of the characteristics considered within the dominance check and the
schedule with the smallest completion time is never discarded.

Suppose we have a schedule with minimal duration. Then the completion time of all other feasi-
ble schedules with the same start time is at least as high as for the schedule with minimal duration. If
we modify the problem instance in such a way that the first work must not start before the begin of the
schedule with minimal duration, then the dynamic programming approach generates this (or another)
feasible schedule with minimal duration. Figure 2 illustrates an iterative dynamic programming ap-

proach for minimising schedule durations using the adaptation of the dynamic programming approach
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presented by Goel and Rousseau (2011). The iterative dynamic programming approach begins with
solving the problems with the original parameters. If a feasible schedule is found the approach up-
dates the best solution value found so far. After cutting of the first 15 minutes from the set of feasible
start time at location 1, it continuous with solving the problem with the modified parameters. The

method terminates if no feasible schedule is found or if the set of feasible start times is empty.

1. best_duration = oo
2. while T} # ()

(a) solve problem using the dynamic programming approach
(b) if no feasible schedule is found then stop

(c) let duration denote the minimal duration of the feasible

schedules found
(d) best_duration = min{best_duration,duration}

(e) cut off first 15 minutes of 7T}

Figure 2: The iterative dynamic programming approach

Note that the iterative dynamic programming approach does not depend on the regulation con-
sidered. Thus, it can be used to determine truck driver schedules with minimal duration whenever
a dynamic programming approach is available which finds a feasible schedule with minimal com-
pletion time. If the set of start times to be enumerated is relatively small and the search for feasible
schedules is fast, the iterative dynamic programming approach is a competitive alternative to solving

the problem using the mixed integer program.

S Computational Experiments

This section reports on computational experiments conducted on the benchmark sets presented by
Goel (2011). All benchmark sets have a planning horizon starting on Monday 6.00 AM and ending
on Friday 8.00 PM. In all benchmark sets one hour of work time shall be conducted at each work

location in the tour and the driving time between two subsequent work locations is randomly set to a
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value between 1 and 10 hours. Assuming an average speed of 75 km/h, this implies that the distance
between two subsequent locations ranges from 75 km to 750 km. Drivers may take rest periods before
and after the work at any customer location. Furthermore, they may take rest periods at parking lots
which were randomly distributed on the trip from one work location to another. The minimum driving
time between parking lots is 15 minutes, the maximum driving time is 2 hours. In the first benchmark
set all locations have a single time window starting at some day in the planning horizon at 6.00 AM
and ending at 8.00 PM. In the second benchmark set all locations have two time windows: the first
starts at some day in the planning horizon at 6.00 AM and ends at 12.00 PM and the second starts at
2.00 PM and ends at 8.00 PM. In the third and fourth benchmark set the time windows in the first two

benchmark sets are repeated on two days.

Dynamic Programming | Iterative Dynamic Programming | Mixed Integer Programming
Time Windows Instances Feasible | Avg. CPU Avg. Duration | Avg. CPU Avg. Duration Avg. CPU  Avg. Duration
(in ms) (in min) (in ms) (in min) (in ms) (in min)
1 day: 6-20 781 499 2.69 6417 232.90 5547 11569.90 5542
1 day: 6-12, 14-20 781 493 105.69 6441 6146.76 5564 8168.29 5560
2 days: 6-20 781 647 3.24 6456 584.07 5288 45282.72 5284
2 days: 6-12, 14-20 781 645 223.61 6480 23805.81 5288 36642.62 5285

Table 2: Results

Table 2 shows the results of computational experiments conducted on a personal computer with
an Intel 1.66 GHz CPU. Each benchmark set includes 1000 instances. 781 of these instances had an
accumulated amount of working of not more than 70 hours and were used for the experiments. It can
be seen that the duration of the schedules obtained using the iterative dynamic programming approach
and mixed integer programming formulation is significantly smaller than the duration of schedules
obtained by the dynamic programming approach. This shows that explicitly considering the objective
of minimising the duration of schedules can bring advantages in terms of vehicle utilisation and
labour costs. Exploiting this advantage comes at the cost of larger computational efforts. For the first
and third benchmark set the iterative dynamic programming approach stays well below one second
per instance and requires much smaller computation time than CPLEX 12 which was used for the
solving the mixed integer program. For the second and fourth benchmark set the computational effort
is still smaller compared to CPLEX 12, however, the difference is not as large. The lunch break

included in the second and fourth benchmark set increases the search space explored by the dynamic
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programming approach significantly. The average duration using the iterative dynamic programming
approach is slightly higher than the average duration obtained using the mixed integer programming
formulation. The reason for the higher values is that an additional restriction is considered within
the dynamic programming approach. The additional constraint which demands that between two rest
periods of 8 consecutive hours, the accumulated amount of on-duty time and off-duty time of less
than 30 minutes does not exceed 9% — ¢°fdUY appears to have very little impact on solution quality.
The slight increase in average duration can likely be justified by the significantly smaller computation

times.

6 Conclusions

This paper presents a mixed integer programming formulation for the Canadian minimum duration
truck driver scheduling problem which is the problem of determining a schedule complying with
Canadian hours of service regulations with minimal duration in which all work activities begin within
one of multiple time windows. Computational experiments demonstrate that the duration of schedules
can be significantly reduced compared to the duration of schedules obtained when simply searching
for feasible schedules. An iterative dynamic programming approach is presented which - at the cost
of a slight increase in schedule durations - requires significantly smaller computation time than using

CPLEX 12 for solving the mixed integer program.
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