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Abstract With the popularity of the just-in-time system, more and more companies are
operating with little or no inventories, which make them highly vulnerable to delays on
supply. This paper discusses a situation when the supply of the commodity does not arrive
at the depot on time, so that not enough of the commodity is available to be loaded on all
vehicles at the start of the delivery period. New routing plans need to be developed in such
a case to reduce the impact the delay of supply may have on the distribution company. The
resulting vehicle routing problem is different from other types of vehicle routing problems
as it involves waiting and multiple trips. Two approaches have been developed to solve the
order release delay problem, both of which involve a Tabu Search algorithm. Computational
results show the proposed approaches can largely reduce the disruption costs that are caused
by the delayed supply and they are especially effective when the length of delay is long.

Keywords Vehicle routing · Disruption management · Heuristics · Multi-objective
optimisation

1 Introduction

The classical vehicle routing problem (VRP) is concerned with designing a set of vehicle
routes so that a number of customers can be visited at the minimum cost. Each route starts
and ends at the depot and each vehicle is involved with only one route. The load that each
vehicle carries must not exceed the vehicle’s capacity and sometimes there is a pre-set limit
on the total length of each route. Each customer must be visited exactly once. The objective
is to minimise the travel distance and the number of vehicles used. In practice, the vehicle
routing plans are sometimes disrupted by unexpected events such as vehicle breakdowns,

Q. Mu · R.W. Eglese (�)
Department of Management Science, Lancaster University Management School, Lancaster LA1 4YX,
UK
e-mail: r.eglese@lancaster.ac.uk

Q. Mu
e-mail: mqx132@hotmail.com

mailto:r.eglese@lancaster.ac.uk
mailto:mqx132@hotmail.com


202 Ann Oper Res (2013) 207:201–216

traffic congestions, delayed departure from the depot or any service point, new orders or
cancelled orders, etc. Disruptions often make the original routing plan no longer optimal or
even feasible. Therefore, it is often necessary to revise the original routing plan to minimise
the negative effect it may cause to the delivery company and their customers. The complex-
ity of the resulting problems increases because there are additional issues to be taken into
account. A number of potentially conflicting objectives need to be considered and decision
makers need to be actively involved in managing the situation and deciding the best course
of action. Disruption management in practice involves making judgements about relative
priorities as well as re-planning and rescheduling.

With the increasing attention received in the past decade on disruption management in
various types of operation (e.g. Clausen et al. 2001; Yu and Qi 2004; Gabteni and Grönkvist
2008; Kuster et al. 2010; Clausen et al. 2010), a number of studies have been conducted
on dealing with disruptions that occur during the execution stage of a vehicle routing plan.
Zhang and Tang (2007) presented a rescheduling model of a vehicle routing problem with
time windows when a vehicle disruption, such as vehicle failure or a traffic incident, oc-
curs at a particular time and lasts for a predefined period of time. The objective is to find
a new schedule that minimises the weighted sum of total distance and deviations from the
time windows. A hybrid algorithm which combines ant colony optimisation (ACO) with
scatter search was proposed to solve the problem. Computational results show that the new
schedule produced by the hybrid algorithm has saved a considerable amount of cost com-
pared with following the original schedule. Li et al. (2009) introduced the Real-time Vehicle
Rerouting Problems with Time Windows which deals with vehicle breakdown that disrupts
a VRP plan. The rerouting problem is formulated as a set-covering problem and the authors
try to minimise a weighted sum of operation, service cancellation and route disruption costs.
The problem is solved by a Lagrangian relaxation based heuristic and computational results
show a considerable cost saving compared to the solution from the naive manual approach.
Mu et al. (2010) also look at the situation when a vehicle breaks down during the delivery
and a new routing solution needs to be quickly generated to minimise the costs. The prob-
lem is based on the capacitated VRP (CVRP) and the objective is to minimise the number
of vehicles used and the total travel distance. The problem is defined as the Disrupted Ca-
pacitated Vehicle Routing Problem with Vehicle Breakdown (DCVRP-B). Two Tabu Search
algorithms are developed to solve the problem. One is newly proposed for the problem and
the other is based on previous work using the open VRP formulation. They are assessed in
relation to an exact algorithm. The algorithms are tested on a number of test instances that
are designed based on standard CVRP test problems. The proposed algorithms are run under
a time constraint of 1 minute to reflect the need to respond quickly with a working alterna-
tive plan when disruption occurs. The newly proposed Tabu Search algorithm returns the
best results and can also save a considerable amount of disruption cost compared to using
an easy alternative plan.

This paper discusses a situation when the supply of the commodity does not arrive at the
distribution depot on time, so that not enough of the commodity is available to load all vehi-
cles for their delivery schedule. New vehicle routing plans need to be developed quickly in
such a case to reduce the impact the delay of supply may have on the distribution company.
The newly proposed Disrupted Capacitated Vehicle Routing Problem with Order Release
Delay (DCVRP-ORD) is different from the other disruption problems discussed before be-
cause the disruption happens to the commodity supply and it happens before the vehicles
leave the depot. In addition, the new plan involves waiting and multiple trips. Characteris-
tics of this order release delay problem are examined in this paper. Different approaches are
applied to solve the problem and the results are analysed.
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2 Problem description

DCVRP-ORD is a problem which finds an alternative routing plan when not all the goods
are ready to be delivered at the start of the delivery period but delayed items will be available
later during the period. Therefore, either certain vehicles have to wait at the depot until the
goods become available again, or some of them have to depart with only part of the orders
and come back for the delayed items later. The delay could cause both delay of the services
to customers and driver’s overtime working, neither of which is desirable. To minimise the
impact the disruption has caused, rerouting is necessary. The new routing plan may involve
multiple trips as waiting until the items become available does not always (or often does not)
produce the optimal plan. Moreover, as some orders only become available after a certain
time, certain drivers may have to wait at the depot till the delayed orders arrive. Even though
the driver may have already completed a trip, the delayed orders may still not have arrived
by the time the driver is back at the depot. Therefore, waiting time has to be taken into
account when calculating the driver’s time cost.

DCVRP-ORD is based on CVRP, which means the original VRP is formulated as a
CVRP. By this, we assume that the original problem is only concerned with vehicle capacity,
travel distances and number of vehicles used. In DCVRP-ORD, to minimise the negative
effect the supply delay has caused, some additional objectives need to be taken into account
apart from minimising total travel distance. They are:

1. Minimise delay to the services. Although the original problem does not involve delivery
time windows, a deviation from the original delivery time may cause problems for the
customers if they had been expecting a delivery to arrive by a certain time. Early deliv-
ery may also be a problem if customers need to make special arrangements to receive
the delivery. We assume only a service which is delivered later than originally planned
will cause disruption cost, early deliveries will not. We also assume that delay cost is
proportional to the length of the delay.

2. Minimise overtime for drivers. Drivers may have already been assigned to another job
after the current one. A delay on the current job may affect the following jobs. This can
cause extra costs for employing drivers or disruption costs on the following jobs if they
are for the same company. This is different from minimising total travel distance, instead
the objective is to limit the time to complete each route. We assume all the drivers are
paid for the fixed period that was planned in the original routes. Any additional time will
be paid. The wage rate for overtime is proportional to the extra time that the driver works
compared to the fixed period. Drivers will also get paid for waiting time at the same rate.

3. Minimise the deviation from the original plan. Minimising drivers’ overtime and delay
to services can both be considered as minimising the deviation from the original plan.
Drivers’ unfamiliarity with the new routes due to the change of plan could also be in-
cluded but will not be counted in the model studied. This objective will not be explicitly
included as it is already covered by objectives 1 and 2.

This paper presents a weighted sum approach to the multi-objective DCVRP-ORD prob-
lem. This approach is easy to implement and computationally efficient. It can also provide an
insight into the characteristics of the DCVRP-ORD problem by adjusting weights according
to the decision maker’s preferences. The aggregated objective function is shown below:

Min
∑

i
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∑
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C1—vehicle cost per distance unit travelled
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C2—labour cost per time unit
C3—delay cost per time unit
Di—travel distance for vehicle i

Fi—fixed time for driver i

Li—actual time used for driver i

Wi—total waiting time at the depot until delayed supply is available for vehicle i

T A
j —actual service time for customer j

T P
j —planned service time for customer j

Vehicle capacity and number of vehicles are the same as that in the original plan which
means the delivery can still be finished in one trip. There is no route length limit for each
vehicle, although if a new route becomes longer than originally planned, the driver has to
be paid for the extra time used. This problem studies the situation when only one delay
has happened and all the delayed orders will arrive at the same time. We also assume that
the amount of the delayed orders and the length of delay are known and will be taken into
account when planning the new routing schedule. A new constraint that has to be applied
to this order release delay problem is the total amount that can be carried in the trips that
depart before the delayed orders have arrived. The routing plan in the order release delay
problem can be divided into two stages. The first stage involves the trips that depart before
the delayed items arrived. The second stage involves the trips that deliver the delayed items.
The total demand of all the customers that are served in the first stage has to be less than or
equal to the total available supply at the start of the delivery period. It should be noted that
to minimise the total costs, there is no need for any vehicle to do more than one trip in the
first stage or in the second stage.

The following assumptions have also been made when modelling the problem:

1. The commodity that the vehicles are delivering is a single commodity which is transfer-
able between customers and there is no requirement that certain items have to be deliv-
ered by specific vehicles.

2. A service can be immediately delivered when a vehicle arrives at a customer, i.e. the
service time is 0.

3. Split delivery is not allowed which means once a customer is served it has to receive all
the orders at one time.

4. A distance unit is assumed to be 1 km. A time unit is assumed to be 1 minute. The vehicle
speed is assumed to be 1 km/minute all the time which corresponds to an average speed
of 60 km/hour.

3 Approaches

This section describes an easy alternative plan, which can be easily obtained manually, and
two other approaches each of which involves a different initial solution and improved by a
Tabu Search algorithm.

3.1 Easy plan

When supply is delayed, a common response is to still follow the original routing plan, but
some vehicles will have to wait at the depot until the delayed supply becomes available.
Assume that a vehicle will not depart with partially loaded goods. Therefore, the easy plan
is simply to delay a necessary number of vehicles in the departure and wait until all the
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delayed orders arrive. As the routes follow the original plan, total travel distance
∑

i DiC1

will remain the same as planned. For those delayed vehicles, the driver’s working time is
Li + Wi . As routes follow the original plan, Li is fixed and driver’s time actually depends
on the waiting time Wi and how many vehicles have been delayed. If a vehicle departs
at the planned time, the driver’s time is the same as the route length which remains the
same as planned. The services for all the customers on the delayed routes will definitely be
delayed. Therefore, minimising the original objective function is equivalent to minimising
the following:

MinQV C2 + QSC3 (2)

where Q is the length of the delay, V is the number of delayed vehicles, and S is the number
of delayed customer services. Therefore, the easy plan tries to find a suitable set of vehicles
to be delayed so that V C2 + SC3 is minimised.

3.2 Approach 1

The easy plan is not always a good idea because not all available orders are delivered at
the earliest possible time. This will cause increased service delay to customers when the
delay is long. To improve the result, our first approach will apply a Tabu Search algorithm to
this easy plan. The Tabu Search algorithm will be explained in Sect. 3.4. Improvement can
be obtained by moving customers into different routes or by delivering to them at different
times.

3.3 Approach 2

Another approach is to deliver all the current available orders at the start of the delivery pe-
riod to reduce the delay to customers. There are a number of ways of doing this. A common
response to an order release delay situation is still to follow the original plan but operate so
that some vehicles leave with only part of the load required for the route. One can also send
all the vehicles out for delivery at the start of the delivery period. Who will carry full loads
and who will carry partial loads are decided by certain rules. Approach 2 is described as
follows:

1. The delivery is divided into two stages. The available supply will be delivered at the
first stage. The delayed supply will be delivered at the second stage. The first stage will
deliver as many available orders as possible.

2. Choose the customers which are the closest to the depot to be served in the second stage.
Reorder the customers according to their distances to the depot in ascending order. Start
from the top of the list, take out as many customers as possible from the list until the total
demand of the remaining customers becomes smaller than or equal to the supply that is
available for the first stage. Put the customers that are taken out on the second stage list.
Ideally, this will reduce service delay because it takes a shorter time for the delayed items
to arrive at the customers’ locations. This could also reduce the distance travelled at the
second stage as customers are closer to the depot.

3. The initial routes in the first stage are the same as the original plan but with those cus-
tomers on the second stage list deleted. The initial solution for the second stage is ob-
tained by using a least cost insertion method to insert the customers on the list into the
most promising routes.
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Fig. 1 Two stage scenario
1—wait at the depot

Fig. 2 Two stage scenario
2—deliver as planned

This initial solution is followed by the same Tabu Search algorithm as Approach 1. Although
the Tabu Search algorithm is the same, the quality of initial solution can make a big differ-
ence to the final results for disruption problems due to the limited time for finding the new
routing plan.

3.4 Tabu Search

The Tabu Search algorithm proposed for DCVRP-B in Mu et al. (2010) is applied to solve
the DCVRP-ORD in this paper, though some changes have been made to address the differ-
ences between the two problems. For example, the objective to be optimised in the DCVRP-
ORD is different to the one used in DCVRP-B and the availability of vehicles is different in
the two problems.

As computing time is limited for the disruption problem, the neighbourhood structure
is kept simple. Vertex relocation is the only neighbourhood operator used which involves
relocating a vertex into another route. The relocation route could be a route in the first stage
or in the second stage. It can also be the route served by the same vehicle, i.e. a vertex can be
removed from the first stage of a vehicle into the second stage of the same vehicle. Because
not all the vehicles are assigned multiple trips in the initial solution, those that are assigned
only one trip will be artificially added another trip 0–0 so that the possibilities are open for
customers to be inserted and to have multiple trips. For example, suppose a vehicle has to
wait at the depot until the delayed orders arrive before it can do the route 0–1–2–3–0. To
perform the Tabu Search, the new initial routing plan for the vehicle will be changed as
shown in Fig. 1.

Suppose a vehicle departs at the start of the delivery period and all the customer demand
can be satisfied by this delivery. A second stage will be added as shown in Fig. 2.

Therefore, in Tabu Search, the number of routes is 2k (k is the number of vehicles)
because every vehicle has two routes, each in different stages. The starting time for all the
trips in stage 1 is 0, and the starting time for the trips in stage 2 varies. If the first trip of
a vehicle completes (at time t ) before the delayed items become available (at time t ′), the
departure time for the second trip of the vehicle will be t ′. There will be a waiting time
of (t ′ − t) for the vehicle. If by the time a vehicle completes its first trip and comes back
to the depot the delayed items have already arrived, i.e. t ′ < t , it can start the second trip
immediately and the departure time for the second stage will be t .

At each iteration, all the possible moves are attempted for all the customers, and the
move that gives the least cost according to the evaluation function will be chosen as the next
move as long as it is not in the tabu list. The tabu list in the proposed algorithm contains
the customers that have been moved and the corresponding routes from which they are
removed, i.e. (customer, route). Only those moves that are performed in the last θ iterations
are recorded and every time a new move is made, the tabu list is updated by adding the
attributes of the new move and deleting the attributes of the oldest move. θ represents the
length of the tabu list, also called tabu tenure. The evaluation function is defined as follows:

Equation (1) + p1E1 + p2E2 + p3(tj /C) (3)
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As mentioned before, two constraints should be met: one is that the total load carried by a
vehicle must not exceed the vehicle capacity; the other is that the amount delivered at the first
stage should be less than or equal to the amount available at the beginning of the delivery
period. Violation of the constraints is allowed during the search process but is penalised in
the objective function with self-adjusting penalty parameters p1 (for the capacity constraint)
and p2 (for the supply constraint). The penalty parameters are initially set to p′

1 and p′
2

respectively. They are multiplied by 2 if during the last r1 and r2 consecutive iterations all
the solutions have been infeasible, or divided by 2 if all the solutions have been feasible
during the last r1 and r2 consecutive iterations. E1 represents the total load that exceeds
vehicle’s capacity in the proposed solution and E2 represents the shortage of supply for the
first stage in the proposed solution.

The tabu rule can be violated if a solution is feasible and is better than the best feasible
solution found so far, or if it is infeasible and it gives lower cost than the best solution already
known, feasible or infeasible.

The vertices that have been moved frequently are also penalised. The number of times
that customer j has been relocated is defined as tj and is kept in the memory. The final term
in the evaluation function (3) represents the long term memory cost of the proposed move.
p3 is the penalty parameter. C is the total number of relocations that have been performed
so far.

To intensify the search in promising regions, periodic route improvements are performed.
Single route improvement is performed every time a new feasible best solution is found. It
is also performed for the current best infeasible solution if for the past r3 iterations no better
feasible solution has been discovered. The single route improvement procedure involves
2-Opt and vertex relocation applied sequentially to each route. The two methods are each
repeated for r4 iterations and for each iteration the best neighbourhood move is performed
whether it improves the original solution or not. The best solution found for each individual
route is then retained.

4 Results and findings

This section presents the experimental testing results of the approaches described in Sect. 3.
The test problems were adapted and selected from the standard CVRP problems provided
by Augerat et al. (1995) (Sets A, B and P), Christofides and Eilon (1969) (Set E), Fisher
(1994) (set F), and Christofides et al. (1979) (Set M). For most of these problems, optimal
solutions have been found using exact algorithms and the best known solution for each
CVRP problem is used as the original routing plan before disruption. All these problems
are Euclidean and it is assumed that the distance between each pair of customers is equal
to the travelling cost. All the distances have been rounded to their nearest integer. For each
instance, a set of 6 problems will be tested which are defined by different choices of delayed
amount (small, large, extra-large) and different choices of length of delay (short, long). The
choice of the amount of delayed supply depends on the maximum single route demand as
well as the total demand of all the routes. Let X = the maximum route demand, TD = total
demand, the three classes of delayed amount can be represented as follows:

Small: only one vehicle is delayed. Delayed amount = 0.5X

Large: more than one vehicle is delayed. Delayed amount = 1.5X

Extra-Large (XL): about half of the vehicles are delayed. Delayed amount = 0.5TD
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Table 1 Route demand and
length information Instance Maximum

route demand
Total demand Average route

length

A-n32-k5 98 410 157

A-n33-k5 98 446 132

A-n34-k5 96 460 156

A-n39-k5 100 475 164

B-n39-k5 100 440 110

B-n50-k7 100 609 106

E-n22-k4 5900 22500 94

E-n51-k5 160 777 104

E-n76-k10 140 1368 83

E-n101-k8 199 692 102

F-n72-k4 29978 114840 59

M-n101-10 200 1810 82

P-n45-k5 149 692 102

P-n76-k4 350 1364 148

P-n101-k4 392 1458 170

Length of delay could be short or long, which depends on the average route lengths in the
original plan. Let Y = average route length in the original plan, we use the following to
represent different classes of length of delay:

Short delay: Delayed time= 0.5Y

Long delay: Delayed time = 1.5Y

Table 1 shows the maximum route demand for each test problem, as well as the total demand
and the average route length.

Table 2 shows the choices of the delayed amount and the delayed time for each test
problem, rounded to the nearest integer.

For each test instance, 6 different combinations of delayed amount and length of delay
have been tested:

SS—Small amount, short delay
SL—Small amount, long delay
LS—Large amount, short delay
LL—Large amount, long delay
XLS—Extra-large amount, short delay
XLL—Extra-large amount, long delay

There are 90 problems to be tested in total. The best known solution for each CVRP problem
is used as the original routing plan before disruption. The direction of the vehicle on each
route is the same as the best schedule given. For each problem, a time constraint of 60
seconds has been applied. The program has been written in C# and implemented on an Intel
Core 2 Duo laptop running at 2.5 GHz with 4 GB of RAM.

4.1 Parameter tuning

Although the algorithm uses standard approaches and many components and mechanisms of
the algorithm have been applied by many authors to solve different problems, their choices
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Table 2 Choices of delayed amount and length of delay

Instance Delayed amount Length of delay

Small Large XL Short Long

A-n32-k5 49 147 205 78 235

A-n33-k5 49 147 223 66 198

A-n34-k5 48 144 230 78 233

A-n39-k5 50 150 238 82 247

B-n39-k5 50 150 220 55 165

B-n50-k7 50 150 305 53 159

E-n22-k4 2950 8850 11250 47 141

E-n51-k5 80 240 389 52 156

E-n76-k10 70 210 684 42 125

E-n101-k8 100 299 346 51 153

F-n72-k4 14989 44967 57420 30 89

M-n101-10 100 300 905 41 123

P-n45-k5 75 224 346 51 153

P-n76-k4 175 525 682 74 222

P-n101-k4 196 588 729 85 255

of values of parameters are not necessarily suitable for the DCVRP-ORD presented in this
paper. As the performance of a heuristic may vary quite significantly when parameter values
are modified, it is wise to find the appropriate parameter values for the algorithm that are
applied for the order release delay problem. The purpose of the tuning procedure is not
finding the best solutions to the test problems used, but to define the suitable parameter
settings, whether or not dependent on the problem characteristics, that could provide a high
quality solution for any kind of DCVRP-ORD. The following parameters for the proposed
Tabu Search algorithm have been tested with different values:

p′
1—initial penalty value for violation of capacity constraint

p′
2—initial penalty value for violation of supply constraint

p3—penalty for frequently moved vertices
r1—number of iterations after which p1 will be doubled or halved without changing fea-
sibility
r2—number of iterations after which p2 will be doubled or halved without changing fea-
sibility
r3—number of iterations after which the single route optimisation procedure should be
performed
r4—number of iterations that a single route optimisation algorithm should be repeated
θ—Tabu tenure

Parameter values have been tested on the whole set of 90 problems. Weight values used for
parameter tuning are: C1 = 0.3, C2 = 0.1, C3 = 0.5, θ = 20. These are estimated values
of the real life costs related to each objective and Sect. 4.2 explains the reason why these
values are chosen. Parameter tuning is performed for Approach 1 only and then used for
Approach 2. Results are compared to the easy plan and percentage deviations are calculated.
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Table 3 Combinations of
weights tested Test C1 C2 C3

1 1 0 0

2 0 1 0

3 0 0 1

4 0.3 0.1 0.5

5 0.4 0.1 0.5

6 0.3 0.2 0.5

7 0.3 0.1 2

The parameter values that provide the best results are:

p′
1 = 1, p′

2 = 1, p3 = 200,

r1 = 10, r2 = 10, r3 = n/k, r4 = 1

(n is the number of customers; k is the number of vehicles available).
The results presented in Sect. 4.2 are obtained by using this parameter set for the Tabu

Search algorithm. Detailed results of experimenting with parameter values are available in
Mu (2010).

4.2 Results

This section summarises the results for different approaches to solve the test problems using
the parameter values that have been chosen in Sect. 4.1. The algorithms are executed on the
test problems using 7 different configurations of weights. In practice, these weights could
be set by the decision makers according to their preferences for each objective. Here, the
weights for each objective are chosen inside the estimated cost range for each unit of the
objective. The range of the travel cost is estimated as 30 p ∼ 40 p (where p represents pence)
per kilometre. The average pay to drivers is estimated as within the range of 10 p/minute and
20 p/minute. The cost to the delay of service is hard to quantify. However, it is reasonable
to assume that the cost of delay depends on the length of delay and a cost penalty of at least
£30 per hour i.e. 50 p per minute represents the right order of magnitude for some situations.

The following values of weights have been considered on Table 3.
The first three tests optimise the three objective functions separately. In these cases, only

one objective will be optimised without considering the other objectives. These three tests
define the extreme values of the objective solution space. However, the result for test 1
will not be presented in this paper because if the objective is to minimise the total distance
travelled, the easy plan always produces the optimal solution as the new routing plan is
exactly the same as the original one. The other four tests apply different combinations of
weight values according to the estimation of the actual cost caused. Test 4 gives a base value
set and tests 5, 6 and 7 contain the combination of weights with only one weight being
deviated from test 4. Although these tests do not generate all the Pareto-optimal solutions,
the comparison of results given by different weight combinations will help to provide a
deeper understanding of the DCVRP-ORD problem. In addition to the total cost generated
by the aggregated objective function, the value of each single objective function that is
produced by optimising the weighted sum of all the objectives has also been recorded.
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Table 4 Results for A-n32-k5 at C1 = 0.3, C2 = 0.1, C3 = 0.5

Instance Delay Total cost Distance Driver time Delayed service

Easy A1 A2 Easy A1 A2 Easy A1 A2 Easy A1 A2

A-n32-k5 SS 477.4 445.3 397.7 784 800 876 862 878 969 312 235 76

SL 807.1 696.5 599.2 784 800 949 1019 1035 1105 940 706 408

LS 758.2 632.2 534.8 784 886 944 940 974 1116 858 538 280

LL 1653.1 1367.4 1225.9 784 1030 934 1254 1439 1317 2585 1829 1628

XLS 844 746.8 738.8 784 836 924 1018 1070 1106 1014 778 702

XLL 1911.6 1558.4 1564.6 784 1136 1050 1489 1706 1616 3055 2094 2176

Table 5 Result for A-n32-k5 (LL) easy plan

A-n32-k5 (LL) easy plan

Route #1: 0 21 31 19 17 13 7 26 0

Event times: 235 299 308 313 315 339 353 369 390

Route #2: 0 12 1 16 30 0

Event times: 235 264 272 283 292 308

Route #3: 0 27 24 0

Event times: 0 26 34 59

Route #4: 0 29 18 8 9 22 15 10 25 5 20 0

Event times: 0 62 100 109 128 132 155 172 188 210 231 267

Route #5: 0 14 28 11 4 23 3 2 6 0

Event times: 0 27 85 104 113 142 149 152 178 230

4.2.1 An example

Take problem A-n32-k5 as an example. Table 4 shows the results for the problem under
different choices of delayed amount and length of delay when

C1 = 0.3, C2 = 0.1, C3 = 0.5.

The second column in Table 4 shows the different combinations of delayed amount and
length of delay tested. The third, fourth and fifth columns contain the total costs generated
by optimising the weighted sum of all the objectives by using the easy plan, Approach 1
and Approach 2 respectively. The next group of 3 columns shows, for each approach, the
distance travelled in the optimal solution if the aggregated objective function is to be opti-
mised. The next group of 3 columns shows the total driver time spent and the last group of
columns is the total time of delay to customer services.

Table 5 presents the routing information obtained by the easy plan for A-n32-k5 (LL-
147/235), i.e. large amount of delayed supply (147) with long delay of 235 minutes.

For each vehicle, the table shows the time that the vehicle reaches each customer. If a
vehicle’s departure time is not 0, the vehicle is delayed. For example, in this case, both
Vehicle 1 and Vehicle 2 are delayed. The vehicle routes in the easy plan are the same as
in the original plan, except that Vehicle 1 and Vehicle 2 have to wait at the depot for 235
minutes before departure and the deliveries for all the customers on these two routes are
delayed for 235 minutes accordingly.
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Table 6 Result for A-n32-k5 (LL) Approach 1

A-n32-k5 (LL) Approach 1

Route #1: 0 30 16 21 31 19 17 0

Event times: 235 251 260 298 307 312 314 389

Route #2: 0 12 1 26 0 0 13 7 0

Event times: 0 29 37 56 77 235 286 300 337

Route #3: 0 27 24 0

Event times: 0 26 34 59

Route #4: 0 29 18 8 9 22 15 10 5 20 0

Event times: 0 62 100 109 128 132 155 172 199 220 256

Route #5: 0 14 28 11 4 23 3 2 6 0 0 25 0

Event times: 0 27 85 104 113 142 149 152 178 230 235 311 387

Table 7 Result for A-n32-k5 (LL) Approach 2

A-n32-k5 (LL) Approach 2

Route #1: 0 1 21 31 19 17 26 0 0 12 0

Event times: 0 35 65 74 79 81 135 156 235 264 293

Route #2: 0 27 24 0

Event times: 235 261 269 294

Route #3:

Event times:

Route #4: 0 29 18 8 9 22 15 10 25 5 20 0

Event times: 0 62 100 109 128 132 155 172 188 210 231 267

Route #5: 0 14 28 11 4 23 3 6 0 0 30 16 7 13 2 0

Event times: 0 27 85 104 113 142 149 173 225 235 251 260 273 287 326 404

The solution obtained by Approach 1, as demonstrated in Table 6, only delays one vehicle
at the start of the delivery period. However, two vehicles (2 and 5) have to do multiple trips
and both of them have to wait at the depot for some time until the delayed supply arrives at
time 235 so that they can depart for the second trip. A large cost can be saved by this action
(£1653.1 − £1367.4 = £285.7).

Table 7 shows the routing information obtained by using Approach 2.
Approach 2 produces a very different solution from previous approaches. Vehicle 3 does

not need to do any delivery in this case. Only Vehicle 2 is delayed at the start of the delivery
period and Vehicle 1 and Vehicle 5 have to do multiple trips. This solution has a considerably
lower cost (£1225.9) than both the easy plan (£1653.1) and Approach 1 (£1367.4).

4.2.2 Summarised results

Summarised results for all the test problems are shown in Tables 8 and 9. Table 8 presents
the average costs for all the test problems for different choices of cost weights. It also shows
the average distance, driver time and delayed service, which are the solution of each single
objective, when the aggregated function is optimised. The distance, driver time and delayed
service values for easy plan are not affected by the changes of weights as the easy plan
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Table 9 Average deviation from easy plan

Weights Total cost Distance Driver time Delayed service

Approach
1

Approach
2

Approach
1

Approach
2

Approach
1

Approach
2

Approach
1

Approach
2

0, 1, 0 −2.75% −0.99% 16.07% 22.81% −2.75% −0.99% −21.26% −8.47%

0, 0, 1 −42.38% −24.23% 30.34% 38.34% 12.13% 16.32% −42.38% −24.23%

0.3, 0.1, 0.5 −20.13% −8.27% 14.87% 23.38% 1.40% 4.30% −36.38% −19.55%

0.4, 0.1, 0.5 −17.67% −6.82% 14.21% 22.55% 1.54% 3.77% −35.59% −19.59%

0.3, 0.2, 0.5 −18.10% −8.13% 14.11% 23.27% 0.45% 3.20% −35.68% −20.98%

0.3, 0.1, 2 −32.80% −19.89% 22.37% 29.63% 6.32% 9.70% −40.74% −26.07%

Table 10 Number of better/worse results

Weights A1 vs easy A2 vs easy A1 vs A2

Better Worse Better Worse Better Worse

0, 1, 0 82 0 49 39 52 37

0, 0, 1 90 0 70 20 56 22

0.3, 0.1, 0.5 90 0 66 24 58 24

0.4, 0.1, 0.5 89 0 61 29 57 27

0.3, 0.2, 0.5 89 0 65 25 54 29

0.3, 0.1, 2 90 0 75 15 54 28

is fixed for each test problem. Table 9 summarises the results of the comparison of each
approach with the easy plan. Figures in the table represent the average percentage deviations
of each approach to the easy plan. It can be observed that on average both Approach 1 and
Approach 2 produce better results than the easy plan and Approach 1 is also better than
Approach 2 on average for every choice of cost weights. It can also be observed that both
approaches perform better when the weight of delay (C3) increases but perform worse when
the weight of distance and driver time increase (C1 and C2). The reduction of costs is largely
caused by the reduction of delayed service and in sacrifice of distance and driver time.

Table 10 compares each approach by the number of times they outperform each other.
Approach 1 can almost always find a better solution than the easy plan, whereas there are on
average 25 out of 90 cases where Approach 2 failed to produce better results than the easy
plan. Although Approach 2 cannot match Approach 1’s performance on average, it finds
better solutions than Approach 1 in an average of 28 out of 90 cases. It can also be observed
from the table that Approach 2 can find a larger number of better results compared to the
easy plan if the weight of delayed service increases. However, no obvious patterns can be
observed if compared to Approach 1.

Finally, Table 11 compares the performance of Approach 1 and Approach 2 when dif-
ferent choices of delayed amount and length of delay are chosen. Each figure in the table
represents the average percentage deviation from the easy plan for all the testing problems,
if the particular method approach, weights for objectives, and choice of the combination
of delayed amount and length of delay are chosen. For example, “−1.14%” in the top left
corner represents the average of percentage deviations from the easy plan when applying
Approach 1 with small amount of delay, short delay length, and a weights combination of
(0,1,0).
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Table 11 Results for different choices of delay amount and length of delay

Weights Approach SS SL LS LL XLS XLL

0, 1, 0 1 −1.14% −3.98% −1.89% −4.30% −1.96% −3.21%

2 −1.95% −8.38% 4.63% −7.08% 9.88% −3.04%

0, 0, 1 1 −68.37% −55.74% −39.24% −34.24% −29.36% −27.33%

2 −54.44% −54.29% −3.27% −27.92% 13.17% −18.62%

0.3, 0.1, 0.5 1 −18.73% −31.77% −15.72% −23.28% −13.70% −17.56%

2 −13.74% −31.41% 8.45% −18.57% 17.06% −11.43%

0.4, 0.1, 0.5 1 −16.28% −26.23% −14.33% −20.10% −13.05% −16.02%

2 −11.78% −28.38% 8.38% −16.47% 17.27% −9.92%

0.3, 0.2, 0.5 1 −16.81% −26.42% −14.70% −21.32% −11.91% −17.46%

2 −12.46% −28.95% 6.64% −16.87% 15.30% −12.41%

0.3, 0.1, 2 1 −43.81% −46.64% −29.38% −30.85% −21.80% −24.34%

2 −35.35% −45.51% −2.66% −25.50% 8.57% −18.90%

The first thing that can be observed from this table is that in all weight combination
choices except (0,0,1), longer delay means larger improvement can be produced by the
proposed approaches compared to the easy plan. This is because in the easy plan, not all the
available orders are delivered at the earliest possible time which means the longer delay will
result in a bigger delay cost. It can also be observed that the larger the delayed amount is,
the less improvement can be made. Approach 2 performs badly when a large or extra-large
amount of orders are delayed for a short time.

5 Conclusions

This paper presents a Disrupted Capacitated Vehicle Routing Problem with Order Release
Delay (DCVRP-ORD), which aims to find an alternative routing plan when the supply of
the commodity does not arrive at the depot on time. This problem is different from other
types of VRPs because multiple trips may be required for some vehicles and waiting time is
also involved. It is formulated as a multiple objective problem and a weighted sum approach
has been applied.

Two approaches have been developed. Approach 1 starts with a solution that exactly
follows the original routes but has some vehicles waiting at the depot until the full supply
amount becomes available. Approach 2 starts with a solution that delivers as much supply
as possible at the beginning and leaves those customers that are closest to the depot being
served later. A Tabu Search algorithm is then applied to improve the initial solutions for
both approaches. Both of the approaches have been compared with an easy plan. A set
of 15 standard CVRP test instances have been selected and for each instance, a set of 6
problems have been tested which are defined by different choices of delayed amount (small,
large, extra-large) and different choices of length of delay (short, long). A set of six weights
combinations for objectives has been used. Both approaches perform better than the easy
plan especially when the weight of delay increases. The reduction of cost is largely caused
by the reduction of delayed service and in sacrifice of distance and driver time. Although
Approach 2 cannot match Approach 1’s performance on average, it finds better solutions
than Approach 1 for approximately one third of the problems.
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