
 Eindhoven University of Technology

MASTER

Goods supply to the production lines at VDL Nedcar using optimization heuristics

Aelfers, S.

Award date:
2019

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/275558de-b33a-4f2c-acc6-eadde2401399


1 

 

                 

 

 

 

Goods supply to the production lines at VDL Nedcar 

using optimization heuristics 

 

Master Thesis 

 
EINDHOVEN UNIVERSITY OF TECHNOLOGY 

MASTER OPERATIONS MANAGEMENT & LOGISTICS 

 

 

 

Stan Aelfers 

0848330 

04-04-2019 

  



   2 

 

Abstract 

We consider a multi-depot vehicle routing problem with time windows (so-called MDVRPTW problem). 
A set of customers, each with a known location and a known requirement for some product has to be 
supplied by delivery vehicles. This fleet of vehicles supplies the customers with products from multiple 
depots with a known location and a known product mix. Each customer is served by at most one vehicle 
per time window. The goal of a MDVRPTW is minimizing the total cost of delivery, i.e. the costs 
associated with the fleet size and the cost of completing the delivery routes and other investment costs 
related to the routing and scheduling tasks. Scheduling all orders that must be distributed is a very 
complex problem. The use of heuristics is more suitable than exact methods since the objective of a 
heuristic is to produce a proper solution in a reasonable time frame. We built three heuristics that aim 
to solve the MDVRPTW problem as good as possible. First we built a heuristic that schedules the orders 
based on a direct delivery policy. Next we setup an indirect delivery heuristic that enables us to schedule 
multiple orders on the same route. This implies we had to include a step where the best combinations of 
orders on the routes needed to be found. Indirect delivery routes generally have a longer route time 
since multiple orders are combined on the same route and so it takes more time executing such route 
than the delivery of a single order. Therefore, we built a heuristic, the split heuristic, that tries to react 
on this longer route time when it seems to become a problem; routes of orders that seem to get late are 
split up in direct deliveries that have a greater chance to be scheduled on time since they take less time 
to execute. In order to test the performances of these heuristics we simulated the working of these 
heuristics in the environment of VDL Nedcar, the company where we performed a case study. We found 
that the direct delivery heuristic without dedication of the vehicles to specific storage locations 
performs best overall and will lead to a saving of 2,277,794 euro in the 3-year timespan within which 
VDL Nedcar wants to earn back every investment. Another main finding we found on the performances 
of our heuristics is that generally each heuristic starts to perform better if the fleet of vehicles is 
dedicated to a bigger set of depots. However, for some specific sets of refill tasks, that perform worse 
using our heuristics caused by the long length of unloaded trips, it works better to dedicate a vehicle to 
a specific set of refill tasks as VDL Nedcar currently does. The indirect delivery and split heuristics did not 
perform well under the circumstances at VDL Nedcar. This is caused by the fact that the time windows 
are really small relative to the times of the routes. Therefore, it is a hard job scheduling the routes for 
the fleet of vehicles even for the shorter routes of the direct delivery policy. In order to perform best 
overall at VDL Nedcar they will have to implement the direct delivery policy without vehicles dedicated 
to specific storage locations but remain applying the currently used goods supply method for the (sub-) 
sets of refill tasks where it outperformed the heuristics. At last, since the circumstances at VDL Nedcar 
are sometimes very extreme and specific the heuristics should also be tested in other environments to 
make more informed statements on the performances of the heuristics.  

Keywords: 
Vehicle routing problem; Multi-depot; Time window; Direct delivery; Indirect delivery; Milk run 
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Management summary 
The goal of this research is to setup a proper distribution policy for the in-plant distribution of orders of 
packing units of car components at VDL Nedcar. The corresponding problem can be seen as a multi-
depot vehicle routing problem with time windows or so-called MDVRPTW problem. At such problem, a 
set of customers, each with a known location and a known requirement for some product has to be 
supplied by delivery vehicles. This fleet of vehicles supplies the customers (destinations) with products 
from multiple depots (origins) with a known location and a known product mix that is stored there. 
Furthermore, our MDVRPTW problem considers the following conditions and constraints:   

1. The demand of all customers must be met within a certain time window.  
2. Each customer is served by only one vehicle per time window.  
3. The capacity of the vehicles may not be violated (for each trip the total demand cannot exceed 

the capacity).  
4. Products are distributed in reusable packing units that a vehicle has to drop off at a collection 

depot (the same depot as the origin) after visiting a customer. 
5. Within the time window a vehicle is scheduled to perform a route, no other routes can be 

scheduled on this vehicle then. 
6. A replenishment order consists of one packing unit of a product ordered by a customer that 

must be delivered from the corresponding depot to this customer within the associated time 
window without causing downtime. 

7. Each depot and each customer can be related to multiple replenishment orders. 
8. The fleet consists of vehicles of only one preselected vehicle type. 

As Christofides and Eilon (1969) stated the objective of a solution for a VRP problem is minimizing the 
total cost of delivery, i.e. the costs associated with the fleet size and the cost of completing the delivery 
routes and related routing investment costs like IT costs.  

Scheduling all orders that must be distributed is a very complex problem. When the size of the set of 
orders to be scheduled increases or when new orders are added almost continuously, the complexity 
and computation time even increases excessively. Therefore, the use of heuristics suits a problem like 
this more than an exact method since the objective of a heuristic is to produce a solution in a reasonable 
time frame that is good enough for solving the problem at hand. This solution may not be the best of all 
the solutions to this problem, or it may simply approximate the exact solution but it is still valuable 
because finding it does not require a prohibitively long time. In order to solve the MDVRPTW problem 
we build heuristics based on the logic of greedy algorithms. As defined by Cormen, Leiserson, Rivest and 
Stein (2001) a greedy algorithm always makes the choice that looks best at that moment. That is, it 
makes a locally optimal choice hoping that this choice will lead to a globally good solution. Taking in to 
account the complexity of the problem, looking at local optima will decrease the complexity and the 
computation time of the problem which is very important since a schedule needs to be updated in a 
limited time span, as the time windows and horizon are usually less than a few hours. 
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We built three heuristics that aim to solve the MDVRPTW problem as good as possible. The first 
heuristic we built schedules the orders based on a direct delivery policy and is called the direct delivery 
heuristic. In line with the idea of greedy algorithms, our direct delivery heuristic tries to optimize the 
schedule by ranking the orders based on its latest due dates and scheduling the order with the earliest 
latest the earliest possible. This implies the heuristic considers one order at the time which implies the 
heuristics looks one step ahead and try to find the local optima. However, we suspect to get a schedule 
that performs well in a small amount of time. 

Since the first heuristic works just with depot-customer-depot routes, there seems to be an opportunity 
for improvement in combining multiple routes, so-called indirect deliveries, which can save a lot of time. 
Therefore, we built the indirect delivery heuristic that searches for the optimal combination of orders on 
each route. Usually a problem of building one route at a time is that the quality of the routes decreases 
as the “best” routes according to the chosen criteria are made in the beginning of the process. However, 
since we consider a MDVRPTW problem with time windows, we only consider the possible connections 
that are allowed based on the earliest and latest of the orders. So we indeed build one route at a time 
but for smaller sub-problems. Since each time a route is constructed we in fact solve a new sub-
problem, the quality of our routes does not decrease like normal heuristics that build “best” routes 
according to the chosen criteria. 

In an attempt to overcome the fact that the average time of the indirect delivery routes are considerably 
longer than for direct deliveries which makes it harder to find a vehicle that has enough free time to 
perform the route, we built a heuristic that splits the indirect delivery routes up again in single order 
routes in case a route cannot be scheduled on time. The route times of the single order routes or so-
called direct deliveries are shorter, which gives them a greater chance to find vehicles that have enough 
free time to execute these routes before their latest due date. The goal of the split heuristic is to achieve 
a higher service level than the indirect delivery heuristic with a smaller fleet of vehicles. 

In order to test the performances of these heuristics we simulated the working of these heuristics in the 
environment of VDL Nedcar, the company where we performed a case study. VDL Nedcar is a dutch car 
manufacturer that produces multiple car models of a German car brand. The goal of VDL Nedcar is to 
perform this assembly process as efficient as possible. Although, inventories are trying to be minimized, 
VDL Nedcar still has some inventory that needs to be stored. Therefore, VDL Nedcar has several 
warehouses, one type of such warehouses VDL Nedcar has is the decentralized temporary storage 
locations near the inbound docks. Here, big car components with high refill rate arrive and are almost 
directly transported to the production line by forklifts so almost no inventory has to be hold for these 
car components. The distribution of car components from these decentralized temporary storage 
locations to the production can be considered as a MDVRPTW problem and is therefore used to test the 
performances of our heuristics. 

We found that the direct delivery heuristic without dedication of the vehicles to specific storage 
locations performs best overall and will lead to a saving of 2,277,794 euro in the 3-year timespan within 
which VDL Nedcar wants to earn back every investment. This result is mainly caused by a decrease of 
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29.63% in manpower since when VDL Nedcar would be working more efficient by using our direct 
delivery heuristic a smaller delivery vehicle fleet size is required. Further, the best solution for each 
option has a service level of 100 percent in the tests, which we already expected since a downtime of a 
couple of seconds is already more expensive than adding another vehicle including driver to the fleet of 
vehicles. Therefore, the split heuristic has exactly the same results as the milk heuristic since the optimal 
amount of vehicles for the split heuristic was always the smallest amount of vehicles where the split did 
not occur, which results in exactly the same amount of vehicles as for the indirect delivery heuristic. 
Moreover, we can see that the most benefit of using our heuristics can be reached by not dedicating 
vehicles to specific storage locations or clusters of storage locations since the vehicle occupancy is 
higher.  

We can see an overall improvement of scheduling when using our heuristics over the current goods 
supply method where vehicles are dedicated to sets of specific refill tasks. However, scheduling with our 
heuristics does not outperform the currently used goods supply method for every cluster. In case of the 
785 cluster, the amount of vehicles to use increased. There are multiple possible reasons for this 
increase. One of these possible reasons is the fact that the average time of unloaded trips of cluster 785 
is really high in comparison to the average time of unloaded trips of other sets of origins. Further, the 
refill rate in cluster 785 is very high and thus the time windows smaller. Therefore, the scheduling task 
gets harder and it might be better to give every vehicle a specified set of tasks that must be performed 
by him within a small distance range of each other so the amount of time spent on unloaded trips 
decreases, as is the case at the currently used supply method. Another fact that might be a reason for 
this increase of vehicles to be used for cluster 785 is that a couple of car components like the seats, 
motors and gearboxes of the cars are here delivered not directly to the production line but to 
automated warehouses that sets off the right set of seats, motor and gearbox at a sub-production line 
when needed. Therefore, these automated warehouses do not have to be supplied within a short time 
span as the other car components that are delivered directly at the production line.  

Besides, at VDL Nedcar the time windows are really small and the switch times are really high relatively 
to the travel times which lead to long indirect delivery routes that have to be scheduled in small time 
windows. Therefore, the shorter direct routes are easier to schedule and thus the direct delivery 
heuristic outperforms the other two heuristics.  

The results we got are strongly influenced by the very specific circumstances at VDL Nedcar. So did the 
high switch times relative to the travel times, the small time windows and the extremely high costs of 
downtimes all push the results in a certain direction. Therefore, it would be interesting to investigate 
how the heuristics and policies work under different circumstances and search for the trade-off point 
between direct deliveries and indirect deliveries. 

At last, we can conclude that VDL Nedcar should further investigate the possibilities to implement the 
direct delivery policy without vehicles dedicated to specific storage locations but remain applying the 
currently used goods supply method for the (sub-) sets of refill tasks where it outperformed the 
heuristics, since our first test results of the direct delivery policy were really promising. 
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List of definitions 
Bin – A box, frame, crib, or enclosed place used for storage of car components 

Car component – A part or element of a car 

Combined route – A route at which multiple orders are scheduled and delivered to their destinations 

Customer – A customer is the recipient of a product or in case of our case study the supply area which 
receives a packing unit of car components 

Depot – A transport hub for products or in case our case study a temporary storage location from where 
packing units of car components are supplied 

Direct delivery – A delivery method at which a vehicle immediately transfers the goods from the supplier 
to the customer without intermediate destinations 

Latest due date – The moment at which a task is supposed to be completed or in case of our case study 
it stands for the latest moment an order is desired to be delivered at the destination when related to an 
order and for the latest moment a vehicle may start the route without causing a material shortage that 
will lead to a downtime of the production line when related to a route 

Earliest due date – In case of our case study it stands for the earliest moment an order may be delivered 
at the destination when related to an order and for the earliest moment a vehicle may start the route 
when related to a route 

E-train – An electrical driven train that pulls multiple wagons that each can carry one packing unit of a 
car component; in case of our case study an e-train(3) stands for an e-train with 2 tractors and 3 wagons 
that can drive forward from both sides of the train, an e-train(4) stands for an e-train with 1 tractor and 
4 wagons that can drive only forward from one side of the train 

In-plant – Carried on, occurring within, or restricted to the confines of a manufacturing establishment or 
factory 

In-plant distribution – Movement of car components between locations within a manufacturing plant  

Indirect delivery – A delivery method at which a vehicle transfers multiple goods from their suppliers to 
their customers with intermediate stops at other destinations 

Loaded trip – Trips of vehicles where these vehicles are carrying at least one full or empty packing unit  

Milk run – A delivery method at which a vehicle visits each customer on regular basis 

Outward trip – In case of our case study a forward trip is the trip from the origin to the destination 
including picking up the full packing unit and placing this full packing unit in place at its destination 
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Packing unit –A packaging container in which a standard quantity of a product will fit without the need 
for additional packaging 

Pearl chain – The fixed sequence of cars that will be produced on the production line 

Product – A physical item that has a specific function 

Production line – A production line is a set of sequential operations where components are assembled 
to make a product ready for consumption 

Refill rate – The inter-arrival time of replenishment orders, the rate at which a customer asks for a 
replacement of an empty packing unit with a full packing unit. 

Refill task – The task to replace an empty packing unit with a full packing unit or in other words a refill of 
the stock of a specific car component at the customer location. 

Replenishment order – Each replenishment order is an in-plant order where a supply area asks a storage 
location for the delivery of one packing unit of a car component that is needed at the production line 

Routed order – In case of our case study a routed order is a replenishment order that is included in a 
delivery route 

Scheduled order – In case of our case study a scheduled order is a replenishment order that is scheduled 
on a vehicle that will perform the delivery route to deliver the replenishment order to its destination at 
the time the route is scheduled on 

Scheduled route – In case of our case study a scheduled route is a route at which multiple 
replenishment orders are delivered at their destinations and that is scheduled on a vehicle that will 
perform the delivery route to deliver the replenishment orders to its destinations at the time the route 
is scheduled on 

Supply area – A supply area is a location directly at the production line where packing units of car 
components that must be built-in at production line are stored 

Time available – The earliest moment in time after which the vehicle has no scheduled routes anymore 
and thus becomes available again to schedule other delivery routes on that still needs to be scheduled 

Time window – In case of our case study a time window includes the time between the earliest due date 
and the latest due date of a replenishment order or a route 

Unloaded trip – A trip of vehicle where the vehicle is moving from its end location of its last trip to the 
start location of its next trip 

Unrouted order – In case of our case study an unrouted order is a replenishment order that is not 
included in any delivery route 
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Unscheduled order – In case of our case study an unscheduled order is a replenishment order that is not 
scheduled on a vehicle yet 

Unscheduled route – In case of our case study an unscheduled route is a route that is not scheduled on a 
vehicle yet 

Vehicle – A machine that transports products 

Vehicle-mounted computer – This is a mobile computer installed at a vehicle that is used to display for 
example mapping and information relevant to the tasks and actions performed by the vehicle such as 
CAD drawings, diagrams, schedules & safety information 

Vehicle routing problem – The objective of the vehicle routing problem is to minimize the total route 
cost of a fleet of vehicles that has to visit a given set of customers 
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https://en.wikipedia.org/wiki/Transport
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1. Introduction 

Nowadays, many car manufacturers work according to the principles of the Toyota production system 
(Sugimori, Kusunoki, Cho & Uchikawa, 1977). The goal of the Toyota production system (TPS) is to 
minimize the cost of waste during the production processes. The cars variety keeps increasing in order 
to satisfy the highly diversified customer demand. All these variants need different car components that 
need to be delivered just-in-time at the mixed-model production lines such that inventories and 
inventory costs can be minimized according to the principles of the Toyota production system. This 
policy whereby products are delivered at the right place in the right quantity at the right time at the 
right quality is called just-in-time or JIT (Sugimori et al. 1977. Ohno 1988). A reliable and flexible car 
component supply is indispensable; otherwise material shortages will lead to downtimes of the 
production line and will be a waste of time and money. In order to achieve both goals and minimize 
overall costs, manufacturing factories try to distribute their car components to the production line as 
efficient and reliable as possible such that inventories and downtimes will be minimized.  

Generally car manufacturers supply their production lines from centralized in-plant warehouses. The 
centralization of car components in central warehouses has several benefits as mentioned by Patton 
(1986). Centralization generally provides benefits like reduced inbound shipping costs, improved 
inventory management, reduced safety stock and better opportunity for negotiating transportation 
services. However, he also listed some benefits of warehouse decentralization including rapid response 
to customers and reduction in outbound shipping costs.  

Some car manufacturers store car components with a high refill rate in decentralized temporary storage 
locations next to the inbound docks. Since these storage locations are not central located in the 
production plant but next to the inbound docks near the production lines, the users of these storage 
locations are able to respond very fast to demand of the production lines. The usage of such temporary 
storage locations suits production plants like the plants of car manufacturers that work according to a 
just-in-time policy that benefits from a quick response to changing circumstances.  

Although decentralized internal temporary storage locations next to the inbound docks for car 
components with a high refill rate have several benefits, it is hard to regulate the supply of the 
production lines from these storage locations. VDL Nedcar, a Dutch car manufacturer, asked us to find a 
solution for such problem. We decided to find a solution that is applicable on all car manufacturers that 
experience such problem. The objective of this thesis is to find the goods supply policy for the supply of 
car components from these decentralized internal temporary storage locations to the production lines 
that performs superior on the key performance indicators of a car manufacturing plant. This problem 
can basically be seen as a combination of two variants of the vehicle routing problem namely; the 
vehicle routing problem with time windows (VRPTW) and the multi-depot vehicle routing problem 
(MDVRP). The goal of a VRPTW is to optimally schedule a fleet of vehicles that delivers products (or in 
case of the automotive industry car components) to the customers from single depot or origin within 
certain time windows or in this case to the workstations at the production lines of a manufacturing 
plant. On the other hand, the goal of a MDVRP is to optimally schedule a fleet of vehicles that serves a 
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set of customers from multiple depots (origins) but in contrast to the VRPTW this VRP problem does not 
consider time windows. The contribution of this paper to the already existing literature is the 
development of new heuristics for the VRPTW that are capable of solving problems with multiple origins 
(the decentralized temporary storage locations near the docks for the car components with a high refill 
rate) instead of products that are distributed to their destinations from one single depot as in the usual 
VRPTW. This problem can also be called a multi-depot vehicle routing problem with time windows or a 
MDVRPTW. We chose to work with heuristics instead of exact methods since we focus on such in-plant 
vehicle routing problems in the car industry where generally so much replenishment orders, origins and 
destinations are involved that the problem becomes too complex to be solved in a reasonable time with 
exact methods. 

In order to find this policy that performs superior the exact problem and the desired deliverables, are 
defined in the next chapter. Next, some background information is provided in chapter 3 so that the 
problem can be better understood and the interest in the goods supply problem can be better clarified. 
Then, heuristics are built that enable us to quantitatively analyze the performance of the goods supply 
policies in order to find the policy that performs best on the key performance indicators. These 
heuristics are described in chapter 4. Next, in chapter 5 these heuristics are used in a case study at a 
Dutch car manufacturing plant, VDL Nedcar, in order to help them with their goods supply problem and 
to come up with some quantitative arguments on the performance of the goods supply policies so we 
are able to draw justified conclusions in chapter 6 on the performance of the goods supply policies in 
scope. 
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2. Problem definition 
Since several car manufacturers like VDL Nedcar supply their production line among others from 
temporary storage locations near the inbound docks and there is no known optimal supply method for 
this problem, we want to further investigate this problem and search for proper solutions. The in-plant 
goods supply problem we investigate here, that we can approach as a multi-depot vehicle routing 
problem with time windows, considers a distribution network of goods with multiple destinations and 
multiple origins. Furthermore, the vehicle routing problem considers time windows within which the 
products have to be delivered. The setup of our problem is very similar to the first formulation of the 
vehicle scheduling problem in 1959 by Dantzig and Ramser: a set of customers (destinations), each with 
a known location and a known requirement for some product has to be supplied by delivery vehicles. 
However, at our problem there are multiple depots (origins) with a known location and a known product 
mix that is stored there included in the goods supply problem. Moreover, the conditions and constraints 
slightly differ. The conditions and constraints we consider for our MDVRPTW problem are:   

1. The demand of all customers must be met within a certain time window.  
2. Each customer is served by only one vehicle per time window.  
3. The capacity of the vehicles may not be violated (for each trip the total demand cannot exceed 

the capacity).  
4. Products are distributed in reusable packing units that a vehicle has to drop off at a collection 

depot (the same depot as the origin) after visiting a customer. 
5. Within the time window a vehicle is scheduled to perform a route, no other routes can be 

scheduled on this vehicle then. 
6. A replenishment order consists of one packing unit of a product ordered by a customer that 

must be delivered from the corresponding depot to this customer within the associated time 
window without causing downtime. 

7. Each depot and each customer can be related to multiple replenishment orders. 
8. The fleet consists of vehicles of only one preselected vehicle type. 

In contrast to the usual VRP problem where each customer is served once, we changed this to each 
customer is served by only one vehicle per time window, our problem is a variant of the VRPTW. This 
implies that over a longer time span a customer can demand a product multiple times. Furthermore, 
each time a customer orders a product; this product has to be delivered after a specific point in time 
from which the customer is able to receive the product (earliest due date) and before a point in time 
after which the customer really needs the product to be delivered (latest due date).  

A regular VRP problem considers that the locations are supplied from a single depot but we are 
interested in the supply from multiple origins or depots since our problem is a variant of the MDVRP. 
However, unlike regular VRP and MDVRP problems a vehicle that starts from a certain depot does not 
necessarily have to return to this depot. The vehicles have to drop the reusable packaging units at the 
depots where these are collected; the last drop-off location is therefore automatically the end location. 
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As Christofides and Eilon (1969) stated, the objective of a solution for a VRP problem is minimizing the 
total cost of delivery, i.e. the costs associated with the fleet size and the cost of completing the delivery 
routes and related routing investment costs like IT costs. For our problem we also set the objective at 
minimizing the total cost of delivery. Depending on the goals of a company that uses our heuristics or 
other circumstances of specific cases other key performance parameters can be included in the 
objective. Such as the computation time, that will be tracked and there will be determined if the 
computation time of a possible solution is short enough to work with in real-life situations.  

In this research we focus on in-plant MDVRPTWs in the car industry as described in the introduction. 
Problems like these are usually very complex since many different car components have to be installed 
into the cars at the production lines and thus must be delivered there on time. For example, at the 
company of our case study, VDL Nedcar, around 2000 car components that have to be installed and 
delivered at the production line per car and around 800 cars are produced per day. For the supply 
process in scope of our case study this leads to around 2700 to 2800 replenishment orders per 8 hours 
and 50 minutes shift that have to be supplied from 13 different storage locations (origins) to 69 different 
supply areas (destinations). This leads to a rather difficult MDVRPTW problem, where all these 
replenishment orders have to be scheduled over the fleet of vehicles. Moreover, since car 
manufacturers generally work according to the Toyota production system, as mentioned before, 
products must be delivered just-in-time. This leads to small time windows in which the products have to 
be delivered at the supply areas at the production line, which makes the problem even harder.  

While heuristics have been found to be very effective in a wide range of practical size VRPTW, as shown 
in articles from for example Desrochers, Sauvé & Soumis (1988) and Solomon Baker & Schaffer (1988), 
the optimal approaches have lagged considerably behind. In the literature, the largest problem solved to 
optimality was for years a problem that involved four vehicles servicing 14 customers with tight time 
windows (Kolen, Rinnooy Kan & Trienekens, 1987). Even nowadays the largest problem solved to 
optimality just involves around hundred customers. Since the complexity of MDVRPTW problems in the 
automotive industry like the MDVRPTW at VDL Nedcar, exact methods will not be suitable to solve 
problems with multiple origins, multiple destinations and more than 2500 replenishment orders that 
have to be supplied in small time windows. Therefore, we will focus on the use of optimization heuristics 
that are built in order to come up with a proper solution in a reasonable amount of time. The 
contribution of this paper is the development of new heuristics of goods supply policies for a MDVRPTW 
problem. 
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3. Literature review 

In this chapter some background information to the goods supply problem is provided in this literature 
review. Further, the main concepts related to the problem and the possible solution strategies are 
explained. In the first paragraph the setup of the MDVRPTW itself is further explained. Next the two 
main types of routing policies that can be used in order to solve the problem are discussed. At last, 
heuristics that can be used to solve the problem are mentioned and explained to the reader. 

3.1 Multi-depot vehicle routing problem with time windows 
The goods supply problem we investigate has a lot of similarities with a vehicle routing problem with 
time windows. Like the vehicle routing problem with time windows, our goods supply problem is 
concerned with the optimal routing of a fleet of vehicles between a depot and a number of customers 
that must be visited within a specified time interval, called a time window. As Desrochers, Desrosiers & 
Solomon (1992) mentioned; the vehicle routing problem with time windows (VRPTW) is a generalization 
of the VRP involving the added complexity of allowable delivery times, or time windows. In these 
problems, the service of a customer, involving pick-up (delivery) of goods or services, can begin within 
the time window defined by the earliest and the latest times the customer allows to start the service. 
The number of vehicles used is free and will be determined simultaneously with the best set of routes 
and schedules rather than being fixed in advance. 

In contrast to the VRPTW where the customers are supplied from a single depot, the in-plant goods 
supply problem we investigate here considers a distribution network of goods with multiple destinations 
and multiple origins which corresponds with the setup of a multi-depot vehicle routing problem 
(MDVRP). The number and locations of the depots are predetermined. Also the location and demand of 
each customer are known in advance. Like the VRPTW, a fleet of vehicles with limited capacity is used to 
transport the products from depots to customers. Each customer is visited by a vehicle exactly once.  

While solving the MDVRP three decisions have to be made. The decision makers first need to cluster a 
set of customers to be served by the same depot, that is, the grouping problem. They then have to 
assign customers of the same depot to several routes so that the vehicle capacity constraint is not 
violated. At last, the decision on delivery sequence of each route is made. 

The problem we consider in our research has many similarities with the above MDVRP. However, the 
depots of a MDVRP are considered to be large enough to store all the products ordered by the 
customers. Instead, since we consider relatively small in-plant temporary storage locations as depots, 
the storage capacity is limited and there should be chosen where to store which product. Since this is a 
hard problem on itself, we leave this part of the problem out of scope and consider that there is already 
chosen to store particular products at particular depots. Furthermore, at a MDVRP each vehicle starts 
and finishes at the same depot. This is not the case for us. Since it is an in-plant goods supply problem it 
is not important where the vehicles start or end although they have to drop the reusable packaging units 
at one of the depots where these are collected. Although our problem is not exactly the same as a 
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VRPTW or a MDVRP but is more like a combination of both we further refer to our problem as a multi-
depot vehicle routing problem with time windows (MDVRPTW). 

The setup of our problem is very similar to the first formulation of the vehicle scheduling problem in 
1959 by Dantzig and Ramser. Like for their problem a set of customers, each with a known location and 
a known requirement for some product, has to be supplied by delivery vehicles, subject to the following 
conditions and constraints:  

1. The demands of all customers must be met.  
2. Each customer is served by only one vehicle.  
3. The capacity of the vehicles may not be violated (for each trip the total demand cannot exceed 

the capacity).  

Since our problem considers a VRPTW the first condition has to be replaced by the following condition:  

1. The demands of all customers must be met within a certain time window.  

The condition that each customer is served by only one vehicle is now stated per time window and not 
during the whole time span of the problem. Furthermore, as mentioned before, at our problem a vehicle 
does not per se have to start and end at the same depot. 

Christofides and Eilon (1969) stated the objective of a solution in general terms, as that of minimizing 
the total cost of delivery, i.e. the costs associated with the fleet size and the cost of completing the 
delivery routes.  

In order to solve such in-plant goods supply problem several routing policies can be used on which the 
schedule for the supply of replenishment orders from in-plant warehouses to the production line can be 
based. These routing policies can be split in two types of routing policies. Hales and Andersen (2001) 
distinguished direct and indirect systems of transportation. In a direct system, different goods move 
separately and directly from origin to destination. In contrast, in an indirect system different goods are 
moved together on the same transport equipment, with several potential stops on each round. 

3.2 Direct deliveries 
The first type of routing policies that will be discussed is the direct delivery policy. As the name of the 
routing policy suggests orders are delivered directly from their origin to their destination without 
detours along destinations of other orders. This implies that each direct delivery route has only one 
origin and one destination. Gallego and Simchi-Levi (1990) evaluated the effectiveness of direct 
deliveries on the long-run. Their investigation showed that direct delivery is at least 94% effective over 
all inventory routing strategies whenever the minimal economic lot size is at least 71% of vehicle 
capacity. This observation indicates that direct delivery is only desirable if many of the destinations 
require (almost) full vehicle loads, otherwise it becomes a very costly policy.  
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One of the transport means that transports full loads and thus uses a direct delivery policy is the forklift. 
A forklift is a powerful tool that is used by a well-trained operator. It moves pallets or other relatively big 
materials and eliminates the need to lift and carry boxes by hands. However, forklift operations require 
a lot of warehouse space, for example, a warehouse aisle needs corridors with a width of 3.30-3.60 
meter for forklift operations. Furthermore, it is necessary to protect walls and racks against forklift 
damages (Burinskiene, 2015). 

Since forklift operations require a substantial amount of equipment costs and warehouse space it is an 
expensive means of transport and therefore the forklift routes need to be minimized in order to 
minimize costs. Many researchers calculated the route according to the minimum path. Broadbent 
(1987) came up with a concept of conflict-free and shortest-time automated guided vehicle routing. The 
routing procedure uses Dijkstra’s shortest path algorithm to generate a matrix that shows the path 
occupation time of vehicles. 

Moreover, Vivaldine, Galdames, Bueno, Araújo, Sobral, Becker & Caurin (2010) discuss how they 
developed a system for robotic forklifts. In order to plan the optimal routes for their forklifts that were 
used to pick and directly deliver products to the production line they used Dijkstra’s algorithm.  
Furthermore, the routing system receives information about the transportation tasks that needs to be 
performed such as pallet quantity, priorities, etc.. Based on this information, the system selects the 
minimum quantity of robotic forklifts necessary to execute the tasks. Based on a topological map of the 
environment, it calculates the routes for the chosen forklifts, checking possible collisions and traffic 
jams.  Vivaldine et al. (2010) also performed a simulation in order to verify the efficiency of the 
algorithm. 

3.3 Indirect deliveries 
Although forklifts and a direct delivery policy serve well when lot sizes approach vehicle load capacities 
(Gallego and Simchi-Levi, 1990), forklifts are not suitable for a repeatable flow of items between the 
same locations (Baudin, 2005). In such kind of system, large quantities of products need to be 
distributed typically on pallets or in boxes and to be delivered directly to the production line in an 
unorganized manner. One of the most common indirect delivery policies is the milk run policy. Frequent 
delivery cycles like milk runs result in more space efficient, transparent and less variable processes. 
Conventional means of transport such as forklifts or automated guided vehicles (AGVs) are 
inappropriate to meet the special demands of a lean production system (Droste & Deuse, 2012).  

The situation described above, together with the fact that the optimization of production logistics is very 
important in order to enhance the performance of production assembly systems, led to the investment 
of many automotive companies in the utilization of the concept of in-plant indirect delivery systems like 
milk runs, where a train or manual cart takes packing units full with parts from a store to a workstation 
at the production line in a predetermined route and schedule (Droste & Deuse, 2012). 

The concept of milk run logistics originates from the dairy industry, a milk run consists of one vehicle 
that visits all stations according to a pre-defined schedule where it picks up and delivers products. This 
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transportation concept is economical when the volume of goods to be transported from and to each 
single station is essentially smaller than a vehicle load. The milk run concept is frequently applied in 
internal plant logistics to transport raw materials, finished goods and waste between workstations and 
the warehouses of the plant (Baudin, 2005). 

Bozer and Ciemnoczolowski (2013) described such an in-plant milk run system as a route-based, cyclic 
material handling system that is widely used to enable frequent and consistent deliveries of products 
when needed from a central storage to multiple deposit points at the production line. This system 
depends on frequent delivery of small amounts of goods. Usually, there are two separate milk run 
routes, one delivering parts and one other removing finished goods (Marchwinski, 2009). 

Also Michael and Claudia (2009) studied how in-plant stock transportation to production lines can be 
optimized through the use of milk run. They set up routes to feed multiple workstations within one 
route. These clustered routes lead to more frequent trips to the production lines. A higher delivery 
frequency has a positive effect on the inventory levels at the production lines which can be reduced. 
Moreover, the utilization of transport equipment can be optimized. This leads to a reduction of 
inventory and transport costs. 

As stated by Kilic, Durmusoglum and Baskak (2012), the milk run route can be fixed or variable. 
Domingo, Alvarez, Peña and Calvo (2007) built a system with variable milk run routes. They defined 
different routings for different hours of the day, since based on the demand of the products it is not 
necessary to visit each job with the same high frequency. Considering our problem that considers the in-
plant supply of car parts of cars with a high variety the variable milk routes seem to suit better than the 
fixed milk routes. However, from the perspective of the lean Toyota production system, fixed routes are 
better since it standardizes the work.  

Ricoh Express introduced the milk run method for external transport at which one truck picks up goods 
at multiple suppliers. To operate the milk run system effectively, Ricoh Express developed a system to 
optimize the vehicle routing, by checking transport volumes with suppliers prior to collection. This new 
system more than doubled the loading efficiency, from 30% to 65%. Moreover, it shortened the total 
travel distances for transportation. In addition to that this new system led to an annual reduction of 310 
tons, or 35%, in CO2 emissions for large cargo with a sufficiently high loading rate (Ricoh Express, 2009). 

In contrast to direct deliveries that can be performed by vehicles that can carry one packing unit like 
forklifts, indirect systems like milk runs require vehicles that can carry multiple packing units. Therefore, 
milk runs are most times performed by tow trains (or tuggers). They are often used to transport the 
products between the storage locations and production line. A tugger consists of a towing vehicle 
(driven by an operator), which is connected with a few wagons at which the products are loaded. These 
wagons are loaded with products in a depot after which the train delivers the products at the 
workstations at the production line. At each stop, packing units full with products are unloaded and 
empty packing units are returned. Finally, an empty train returns to one of the depots to be reloaded for 
the next tour (Emde & Boysen, 2012). 
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3.4 Heuristics 
As mentioned before, MDVRPTW problems in the car industry as we focus on in this research are too 
difficult to be solved by exact methods within a reasonable computation time. Exact methods often 
perform very poorly; in some cases it takes days or more to find moderately decent, not even optimal 
solutions even to fairly small problems. As mentioned by El-Sherbeny (2010), when simply obtaining a 
feasible solution is not satisfactory, but the quality of solution is critical, it becomes important to 
investigate efficient procedures to obtain the best possible solutions within time limits deemed 
practical.  A great solution to overcome this computation time problem is the use of heuristics. A 
heuristic is defined by Reeves (1995) as a technique that seeks proper (near-optimal) solutions at a 
reasonable computational time without being able to guarantee optimality. Therefore, for our 
MDVRPTW problem we setup a heuristic with efficient calculation steps that provides a proper solution 
in a relatively short time span depending on the requirements of the problem owner in question. In 
order to setup such heuristic for our problem we investigated already existing heuristics that solve 
variants of the VRP problem using direct and/or indirect deliveries. However, most of the literature on 
heuristics to solve variants of the VRP problem is focused on the construction of proper indirect delivery 
routes. 

One heuristic to define indirect delivery routes was proposed by Clarke and Wright (1964) and is based 
on the concept of saving. It calculates the cost reduction obtained by serving two customers sequentially 
in the same route instead of serving them in two separate routes. 

A route-building heuristics for the VRPTW from Baker and Schaffer (1989) extends the saving heuristic of 
Clarke and Wright (1964). The algorithm begins with all possible single-customer routes (depot-
customer-depot). Via iteration, we calculate which two routes can be combined with the maximum 
savings that fits within the time windows of the orders. This way a time oriented algorithm is developed. 

A similar heuristic based on the savings algorithm has been developed by Solomon (1987), but here the 
time windows aspect is not part of the savings function. Instead, the arcs that can be used are limited by 
how large the waiting times get if they are used. Due to the existence of time windows we have to take 
account of the route orientation. Additionally we have to check for violation of the time windows when 
two routes are combined. Also Landeghem (1988) created a heuristic based on the savings heuristic. His 
bi-criteria heuristic uses the time windows in order to get a measurement of how good a link between 
customers is in terms of timing.  

In Solomon (1987) also a time-oriented, nearest-neighbourhood heuristic is described. In this heuristic 
the construction of every route is started by finding the unrouted customer that is closest to the depot. 
The closeness relation tries to involve both geographical and temporal closeness of the customers into 
the construction of the routes. At every following iteration, the customer closest to the last customer is 
added to the route at the end of the route if possible considering time windows and capacity 
constraints. Whenever the search fails a new route is started. Generally, the heuristics of Solomon 
(1987) and Landeghem (1988) return a solution fast but lack in quality; often the solutions are more 
than 10% from the optimum.  
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Another classical routing heuristic is the sequential insertion algorithm of Mole and Jameson (1976). This 
heuristic evaluates the extra distance related to the insertion of an extra customer on the route 
between two consecutive customers. Hereby, a user controlled parameter takes into account variations 
of other factors like the distance of the customer from the depot. Moreover, Christofides, Mingozzi, and 
Toth (1979) proposed a more general and effective two-step insertion heuristic. At this heuristic a set of 
feasible routes is determined at first. After that, a representative customer of each route is selected and 
a set of single-customer routes is initialized with these representative customers. The remaining 
unrouted customers are then inserted based on a regret criterion. That takes into account the difference 
between the best and the second-best insertion cost. The resulting algorithm is superior to that of Mole 
and Jameson and represents a good compromise between effectiveness and efficiency. 

A problem of building one route at a time is usually that the quality of the routes decreases as the “best” 
routes according to the chosen criteria are made in the beginning of the process. The routes generated 
in the latter part of the process are of poor quality since the locations of the last customers to be 
included in a route tends to be scattered over the geographic area. Potvin and Rousseau (1993) tries to 
overcome this problem by building multiple routes simultaneously. The initialization of the routes is 
performed with the insertion heuristic of Solomon (1987). For each route the customer farthest away 
from the depot is selected as a seed customer. Then the best feasible insertion place for each unrouted 
customer is computed and the one with the largest difference between the best and the second best 
insertion place is chosen. Although, this method is still far away from optimum, building several routes 
simultaneously results generally in better solutions than building the routes one by one. 

All in all, we can state that there are enough heuristics available for solving VRP problems. However, 
there is enough room for improvement and therefore, we chose to define our own heuristics in order to 
enable us to solve MDVRPTW problems in the car industry properly. Our own heuristics will be based on 
the logic of some of the already existing heuristics discussed above. 
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4. Formulation heuristics 
In this chapter the heuristics build to find the best goods supply policy for our multi-depot vehicle 
routing problem with time windows are discussed. First we explain why we chose to build the heuristics 
and some of their characteristics after which each of the heuristics and the variables used are explained 
in more detail.  

4.1 Introduction to the heuristics 
Scheduling all orders that must be distributed from multiple origins to multiple destinations is a very 
complex problem. When the size of the set of orders to be scheduled increases or when new orders are 
added almost continuously, the complexity and computation time even increases excessively. Therefore, 
as discussed in chapter 2, the use of heuristics suits a problem like this more than an exact method since 
the objective of a heuristic is to produce a solution in a reasonable time frame that is good enough for 
solving the problem at hand. This solution may not be the best of all the solutions to this problem, or it 
may simply approximate the exact solution but it is still valuable because finding it does not require a 
prohibitively long time.  

Considering that we investigate a new variant of the vehicle routing problem during this research, we 
made our own heuristics to find the goods supply policy that will perform best on the performance 
indicators of the problem. We build our heuristics on the logic of greedy algorithms. As defined by 
Cormen, Leiserson, Rivest and Stein (2001) a greedy algorithm always makes the choice that looks best 
at that moment. That is, it makes a locally optimal choice hoping that this choice will lead to a globally 
good solution. Taking into account the complexity of the problem, looking at local optima will decrease 
the complexity and the computation time of the problem which is very important since a schedule needs 
to be updated in a limited time span, as the time windows and horizon are usually less than a few hours. 

Each heuristic requires a certain input and output. The desired output is the performance of the 
different policies on the key performance indicators (KPIs). For an in-plant goods supply problem of a car 
manufacturer these KPIs are related to the costs and service level, since the goal of a car manufacturer is 
to produce the amount of cars demanded by its client every day against the lowest costs possible. This 
implies for the in-plant goods supply problem that the orders should be distributed to the production 
line as efficient and effective as possible. The goal is to minimize the costs taking into account the 
service level and occupancy ratios of the equipment used.  

The goal of this research is to find the policy that schedules the replenishment orders over the fleet of 
vehicles minimizing the costs taking into account the service level and occupancy ratios of the 
equipment and manpower. Therefore, the heuristics need to schedule the replenishment orders of car 
components needed at the production line using a specified set of equipment, in this case mainly 
vehicles. The amount and type of vehicles has a major influence to the results of the heuristics because 
each type performs differently and every extra vehicle costs extra money. In this project, they are used 
as the parameters and several input values are used in order to find the optimal result of each heuristic. 
When chosen for a specific vehicle type, all the vehicles of the fleet will be of this particular vehicle type. 
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Further, 1 replenishment order, concerns 1 customer (destination) asks 1 depot (origin) for the delivery 
of 1 packing unit of a product that is needed at the destination. 

The heuristics we built differ in complexity. First we built a heuristic that schedules the orders based on 
a direct delivery policy. Next we wanted to setup a heuristic that enables us to schedule multiple orders 
on a route which is called an indirect delivery route. This implies we had to include a step where the 
optimal combinations of orders on the routes needed to be found. Indirect delivery routes generally 
have a longer route time since multiple orders are combined on the same route and so it takes more 
time executing such route than the delivery of a single order. Therefore, we also built a heuristic that 
tries to react on this longer route time when it seems to become a problem; routes of orders that seem 
to get late are split up in direct deliveries that have a greater chance to be scheduled on time since they 
take less time to execute. In each of these heuristics certain calculation steps are performed to come up 
with a schedule of the replenishment orders performed by the set of vehicles. These heuristics and their 
calculation steps are further explained in the following paragraph.  

4.2 Description heuristics 
In the first sub-paragraph we explain the basic variables used at the heuristics after which we will 
discuss the first heuristic we built, direct delivery heuristic, in sub-paragraph 4.2.2. The indirect delivery- 
and split heuristic are discussed in sub-paragraph 4.2.3 and 4.2.4. 

4.2.1 Variables 
Basic input for all of the heuristics are the set of replenishment orders in scope and a set of vehicles of 
type 𝑡𝑡 (𝐹𝐹𝑡𝑡). The set of vehicles consists of vehicles of a certain vehicle type 𝑡𝑡 that have certain handling 
times related to them (𝐻𝐻𝐻𝐻𝑡𝑡 and 𝐻𝐻𝐻𝐻𝑡𝑡), moreover speed and capacity (𝐻𝐻𝑡𝑡) are based on the type of the 
vehicles. Based on the speed of the vehicles travel time matrices are built. Each travel time matrix 
includes the travel times between all locations in scope using a vehicle of a certain vehicle type that has 
a certain speed. Every replenishment order consists of a packing unit of a product that has to be 
supplied from an origin to a destination and a time window in which the order should be delivered. This 
time window includes the time between the earliest moment an order may be delivered at the 
destination (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖) and the latest moment an order is desired to be delivered at the 
destination (𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖) where 𝐸𝐸 stands for replenishment order 𝐸𝐸. On its turn, the earliest of a route 
(let us say route 𝑘𝑘) is the earliest moment a vehicle may start the route using a vehicle of vehicle type 
𝑡𝑡 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡) and the latest is the latest moment a vehicle may start the route using a vehicle of 
vehicle type 𝑡𝑡 without causing a material shortage that will lead to a downtime of the production line 
(𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡). 

Other concepts that are used are loaded trips (𝐿𝐿𝑘𝑘,𝑡𝑡) which are trips of vehicles using a vehicle of vehicle 
type 𝑡𝑡 that are called route 𝑘𝑘 where they are carrying at least one full or empty packing unit and 
unloaded trips (𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡) which are trips of a vehicle (𝑣𝑣) where they are moving to the start location of 
their next trip using a vehicle of vehicle type 𝑡𝑡. The time of a loaded trip includes the time to pick up a 
full packing unit, switch the empty packing unit at the destination with this full packing unit and 
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dropping off the empty packing unit at its collection point. All these times result from a combination of 
the origins and destinations of the replenishment orders, travel time matrices and handling times. For 
example the time of a single order delivery route of a replenishment order consists of the time to travel 
from the origin (depot) of the order to the destination (customer) and back that is read from a travel 
time matrix plus the handling times to pick up a full packing unit, switch an empty packing unit at the 
destination for the full one and drop off the empty packing unit at the collection point. A route like this 
can be referred to as a depot-customer-depot route.  Moreover, time available (𝐴𝐴𝑣𝑣) stands for the 
earliest moment in time after which the vehicle (𝑣𝑣) has no scheduled routes anymore and thus becomes 
available again to schedule other delivery routes on that still need to be scheduled. 

At last, we distinguish (un-)scheduled orders. In case of the direct delivery heuristic we just need to 
schedule the single order delivery routes of all orders. Therefore, we named them here scheduled and 
unscheduled orders. As mentioned before, these orders are replenishment orders at which 1 customer 
(destination) asks 1 depot (origin) for the delivery of 1 packing unit of a product that is needed at the 
destination. 

In case there is no vehicle that is able to deliver the order before its latest due date, there is a material 
shortage at the destination of the order from the latest due date of the order until the order is 
delivered. In other words, the length of the material shortage is equal to the time between the latest 
due date of route 𝑘𝑘 and the time vehicle 𝑣𝑣 is able to start route 𝑘𝑘. In case of the car industry, such 
material shortage will lead to a downtime of the production line. 

In order to clarify the heuristics for the reader we constructed and used variables based on the concepts 
discussed above. These variables that will be used in the heuristics will be explained below in an 
overview of all the basic variables related to the direct delivery heuristic in appendix A.  

4.2.2 Direct delivery 
The first heuristic we built schedules single order delivery routes based on a direct delivery policy, this 
heuristic is called the direct delivery heuristic. As mentioned before we chose to build heuristics based 
on the principles of greedy algorithms that focusses at local optima in order to decrease computation 
time and come up with a proper solution in a decent time span. In line with this idea, our direct delivery 
heuristic tries to optimize the schedule by ranking the orders based on its due date and scheduling the 
order with the earliest latest due date the earliest possible. The heuristic considers one order at the 
time which implies the heuristic looks one step ahead and try to find the local optima. We expect to get 
a schedule that performs well in a small amount of time since the heuristic is very simple with just a few 
calculation steps that have to be made. The heuristic seems effective since all orders are scheduled the 
earliest possible. In appendix B the direct delivery heuristic we built is explained on the basis of an 
example. But in order to understand this example the reader first needs to understand the variables 
used, these are explained in appendix A. Moreover, the heuristic is described in pseudocode in appendix 
C. The heuristic in appendix C is provided without example values and can be used to solve any 
MDVRPTW problem of which the right input data is available. 
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4.2.3 Indirect delivery heuristic 
Since the direct delivery heuristic works just with depot-customer-depot routes, there seems to be an 
opportunity for improvement in combining multiple routes, so-called indirect delivery routes or 
combined routes, which can save a lot of time. In addition to the direct delivery heuristic we include 
steps where there is searched for the optimal combination of orders on each route. Here, we follow the 
same principle as Clarke and Write (1964) when they setup routes for their indirect delivery routes by 
selecting and adding the connection to the route that saves the most time. However, our heuristic is 
different from theirs since they consider just one depot where the route starts and ends while we 
consider also routes that includes multiple depots because we aim to optimize the performance of a 
multi-depot problem. Moreover, Clarke and Write (1964) do not consider the collection of empty 
packing units (reusable packaging) which we included in our problem since reusable packaging is very 
common in the automotive industry.  

Usually a problem of building one route at a time is that the quality of the routes decreases as the “best” 
routes according to the chosen criteria are made in the beginning of the process. However, since we 
consider a MDVRPTW problem we also need to consider the time windows. Therefore, we only consider 
the possible connections that are allowed based on the earliest and latest of the orders. So we build one 
route at a time but for smaller sub-problems. Since each time when a route is constructed we in fact 
solve a new sub-problem. The quality of our routes does not decrease like normal heuristics that build 
“best” routes according to the chosen criteria. 

After the routes are built, the routes are scheduled the same way as the orders in the direct delivery 
heuristic. This way of constructing the indirect delivery routes follows again the principals of a greedy 
algorithm, since here, the best additional order to the already existing route is chosen without regard 
for the consequences of this choice for the next stages. Like a greedy algorithm it picks the best 
immediate output, but does not consider the big picture, hence it is considered greedy. 

However, the average time to drive a replenishment order from its origin to its destination decreases, 
the average time of the routes increases, since on an indirect delivery route multiple replenishment 
orders are delivered instead of one replenishment order per route as is the case for a direct delivery 
policy. This increased time of the routes makes it harder to find a vehicle that has enough free time to 
perform the route. Moreover, the time window in which a combined route must be delivered becomes 
smaller since the time window is influenced by multiple orders and the vehicle has more intermediate 
destinations before it delivers the orders at their actual destinations. The indirect delivery heuristic we 
built is described below in more detail in an example in appendix E but in order to understand this 
example first some additional variables are explained to the reader in appendix D. Moreover, in addition 
to the direct delivery heuristic we have to distinguish between (un-)routed orders and (un-)scheduled 
routes or orders. In case of the indirect delivery and split heuristics we setup routes at which multiple 
orders are delivered at their destinations. Therefore, we have to add all unrouted orders to a (indirect 
delivery) route. All these routes have to be scheduled on a vehicle until all unscheduled routes are 
included in the schedule. The additional variables related to the combined routes of the indirect 
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delivery- and split heuristics at which multiple orders are scheduled on one route are provided in 
appendix D. At last, the heuristic is provided in pseudocode in appendix F, this heuristic in pseudocode 
can be used to solve any MDVRPTW problem of which the right input data is available. 

4.2.4 Split heuristic 
In an attempt to overcome the fact that the average time of the indirect delivery routes is considerably 
longer than for direct deliveries which makes it harder to find a vehicle that has enough free time to 
perform the route, we built a heuristic that splits the indirect delivery routes up in single order routes in 
case a route cannot be scheduled on time. The route times of the single order routes or so-called direct 
deliveries are shorter, which gives them a greater chance to find vehicles that have enough time to 
execute these routes before their due date. Thus, the goal of the split heuristic is to achieve a higher 
service level than the indirect delivery heuristic with a smaller fleet of vehicles since the orders have a 
greater chance to be delivered on time. Like the other heuristics we built, the split heuristic is described 
below in pseudocode. Since no new variables are used and the heuristic works almost the same as the 
indirect delivery heuristic, this heuristic is not explained based on an example but is just provided in 
pseudocode in appendix G. 
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5. Case study  

In order to provide VDL Nedcar advice on their MDVRPTW problem and test the performance of the 
heuristics, we used them to find the best policy for an in-plant goods supply problem at VDL Nedcar 
where goods have to be supplied from multiple temporary storage locations to the production lines. The 
goods supply problem VDL Nedcar can be seen as a multi-depot vehicle routing problem with time 
windows like we consider. However, since the goods supply problem at VDL Nedcar is a real world 
problem it has some additional conditions and constraints. A combination of a set of such conditions 
and constraints together with one of our heuristics is considered here as a supply option. In order to 
quantitatively test the performances of our heuristics we built simulations of these supply options. 

In the first paragraph we provide an introduction to the company of our case study; VDL Nedcar. Next, 
we further defined the real world goods supply problem at the company and provided several supply 
options that can be seen as possible solutions. In the 4th paragraph, the data used is discussed after 
which the simulations and the performances of the heuristics are discussed in the analysis part. Next the 
simulations are explained in paragraph 5 and at last, the results of the simulations and its analysis are 
summarized in the last paragraph of this chapter. 

5.1 VDL Nedcar 
This paragraph provides an introduction to the company and its operations at which the case study is 
performed; VDL Nedcar. At first, something about the history of the automotive factory is told. Next, the 
operations of Nedcar are discussed afterwards more detailed information is provided on the operations 
in the final assembly shop at which the case study is performed. 

5.1.1 History 
As mentioned in the article “VDL Nedcar” (2018) at the website of VDL Nedcar; the factory originates 
back in the 1960's when DAF (now DAF Trucks) started with the production of passenger cars in Born, in 
the South of the Netherlands. During the years, a lot of car manufacturers got involved in Nedcar and 
left again till Nedcar almost went bankrupt in 2012. But at the end of the year 2012 the VDL Groep took 
over the shares of the former owner; Mitsubishi after which the name changed to VDL Nedcar, the 
name the factory still holds today. VDL Nedcar started with the production of cars for BMW including 
multiple models of the MINI. 

5.1.2 Operations 
The automotive factory of VDL Nedcar can be divided in four main production units; the press shop, the 
body shop, the paint shop and the final assembly shop. Furthermore, the operations of these production 
units are described on the website as follows. At the press shop the car building process starts. Around 
250 different parts are pressed here and shaped by bending, cutting and trimming of the pressed parts 
all performed automatically by advanced machines. Next, the pressed sheet metal parts are assembled 
and welded into complete bodyshells in a two-storey production unit in the body shop. The body shop is 
the most robotized production unit of VDL Nedcar; about 99% of the work is automated. After the body 
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of the car has been put together, the body is transferred further to the paint shop. Here the untrimmed 
bodyshells arriving from the body shop are cleaned, degreased, coated and painted. At the paint shop 
they have to take into account restrictions imposed by environmental legislation since they use a lot of 
chemical substances in the painting process. At last the cars arrive from the paint shop at the final 
assembly shop, here body shells are placed on a 1.5 km-long assembly line. Depending on the individual 
requirements of each customer about 3.000 different parts are fitted on the body shell. At the end of 
the final assembly line, the cars are inspected and tested after which they are ready for the road and 
may leave the factory to their customers. 

5.1.3 FAS 
Our case study will be executed at the final assembly shop or so-called FAS. Therefore, a further detailed 
description of the operations of the FAS is given in this sub-paragraph. The goal of VDL Nedcar is to 
perform this assembly process as efficient as possible and therefore it operates according to the Toyota 
production system. The goal of the Toyota Production System (TPS) is the absolute elimination of waste. 
The two pillars of TPS are just-in-time (JIT) and autonomation. Just-in-time is a production policy 
whereby car components are delivered at the right place in the right quantity on the right time at the 
right quality (Sugimori et al. 1977). This implies that a process asks and withdraws from a preceding 
process in the operation flow only the number of parts needed, when they are needed. Autonomation is 
a combination of autonomy and automation. An autonomated process consists of a production line with 
the ability to stop the production line, by man or machine, in case of problems such as equipment 
malfunction or quality issues. Therefore, autonomation can be seen as integrated quality control 
(Boakye-Adjei, Thamma, Kirby, 2014).  

In case a car component has a lot of variants like a car component that can be delivered in different 
colors, VDL Nedcar distributes these car components just-in-sequence (JIS) to the production line. A JIS 
car component arrives in the right sequence in the right quantity at the right time at the final assembly 
line. This way, the production worker receives the car component in the right sequence based on the 
needs of the production line. On the other hand, just-time-time (JIT) products are just delivered in the 
right quantity just-in-time at the right place (Werner et al. 2003). In order to be able to deliver car 
components just-in-sequence, VDL Nedcar fixes the sequence of the cars going through the production 
line at some point, this fixed sequence is called the pearl chain. 

VDL Nedcar tries to spread the peaks in car component demand by distributing the different models and 
types of cars evenly over the sequence of the pearl chain such that the demand is equally distributed 
over time and variations in the demand levels are minimized. This phenomenon is called heijunka and is 
a characteristic of the Toyota Production System that is usually used in combination with the kanban 
system (Monden, 2011; Liker, 2004). The kanban system is another core element of the Toyota 
production system and just-in-time production, that is created in order to control the inventory. 
Kanbans are used for the communication within the several stages of the production line. There is a 
fixed number of kanbans provided. Whenever a process needs a car component, a kanban is sent from 
this process to the preceding process, the production of a part cannot start until such a kanban indicates 
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that this part is needed by the following downstream station. This way, the pull mechanism provides a 
smooth and synchronized flow of all parts where there is no chance of overproduction (Joo and Wilhelm 
1993). 

Although, inventories of car components are minimized by the methods discussed above, VDL Nedcar 
still has some inventory that needs to be stored. Therefore, VDL Nedcar has several warehouses. First of 
all they have two central warehouses on both sides of the FAS, warehouse east and west like depicted in 
the map of the FAS in appendix H. Next to these two central warehouses, VDL Nedcar has two 
centralized kitting areas, again one in east and one in west. At these centralized kitting areas car 
components that will be distributed just-in-sequence to the production line are kitted. Moreover, VDL 
Nedcar has a centralized small box warehouse, located next to warehouse east, from where small car 
components with relatively low demand are distributed to the line in small boxes instead of in a pallet 
size packing unit. Due to this a lot of precious space is saved at the production line. The car components 
of the above described central warehouses are distributed to the production line by electrical trains (e-
trains) that use a specific type of wagons based on the size and weight of the car components to be 
delivered. These trains follow standardized indirect delivery routes. The small boxes are picked manually 
from e-trains that carry wagons that are able to hold multiple small boxes. After they are picked they are 
placed in flow racks at the production line. On their turn production workers grab these car components 
from these flow racks after which they install them in the cars. Bigger and heavier car components that 
are distributed in a pallet size packing unit are delivered on a trolley that is carried like a wagon by the e-
train after which the train driver decouples the trolley from the train and places it at the production line. 
Car components that are too heavy or big for these trolleys are delivered on a bigger wagon by the e-
trains, for these kinds of car components a forklift is used to pick up the car component from the e-train 
and places it at the production line.  

Next to these centralized warehouses, VDL Nedcar has multiple decentralized temporary storage 
locations near the inbound docks which are illustrated in the map of the FAS with an X. Here, big car 
components with a high refill rate arrive and are almost directly transported to the production line by 
forklifts so almost no inventory has to be hold for these car components. Like the principles of cross-
docking mentioned by Van Belle, Valckenaers & Cattrysse (2012) VDL Nedcar tries to eliminate the 
material handling activities; storage and order picking for car components in these temporary storage 
locations. However, it differs from cross-docking since the car components are not redistributed from 
truck to truck but transported to the production line by forklifts. Moreover, like the warehouse-on-
wheels the truck only arrives at the inbound dock to be unloaded if one of its car components is 
required at the production line (Fliedner, Briskorn, Boysen, 2016). But unlike warehouse-on-wheels the 
truck needs to be completely unloaded when it arrives at the dock. This leads to a temporary storage at 
the inbound dock instead of using the truck itself as storage location. From these temporary storage 
locations packing units of the car components are supplied to the supply areas at the production line 
through the streets that are illustrated with blue lines on the map. Moreover, the different parts of the 
production line are illustrated with white rectangles on the map with the name of the part of the 
production line on it in the middle of the rectangle. 
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5.2 Problem definition  
As mentioned before, VDL Nedcar has, several decentral located temporary storage locations near the 
docking stations. Here, relatively large orders with a high refill rate are temporary stored near the 
inbound docks. Since they have to be distributed to the production line shortly after they arrived at the 
production plant, it is not profitable to transport them from the docks to a central warehouse. Since we 
are interested in the supply of the production line from temporary storage locations which can be seen 
as a MDVRPTW problem, we will only consider the process of supplying the production line just-in-time 
and just-in-sequence from these temporary storage locations near the inbound docks in this case study. 
The in-plant goods supply problem we are going to investigate here is a process that intents to minimize 
waste according to the principles of the Toyota production system (Sugimori, Kusunoki, Cho & 
Uchikawa, 1977). The process must minimize the cost of waste like IT, downtimes, driving meters and 
vehicle costs.  

At the moment, the supply of these orders from these temporary storage locations to the production 
line is performed by forklifts. Each forklift driver has a couple of tasks he is responsible for. In the 
context of the currently used supply method, the forklifts do not have an automated control system, the 
forklift drivers have to visually check whether one of their tasks needs to be performed. This costs a lot 
of precious time since the forklift driver is driving a lot of non-productive meters through the factory 
checking whether he has to refill a car component or not. Furthermore, orders are generally distributed 
just-in-time to the production lines which implies that a refill task has to be performed only if a packing 
unit of a car component is required at the production line. This implies that there is small timespan in 
which the refill task has to be performed which causes a lot of time pressure for the driver who has to 
check manually whether to refill a car component or not.  

VDL Nedcar realizes that its current goods supply process is highly inefficient because of the substantial 
amount of non-productive meters that are driven. Therefore, VDL Nedcar considers adjusting their 
current information system such that it will be able to provide the driver that transports the orders with 
real-time scheduling and routing data. This implies that with such an upgraded information system, the 
driver, who has to transport the orders to the production line, knows exactly when to perform which 
task and which route to follow. Using our heuristics, we can investigate whether VDL Nedcar should 
invest in such system upgrade and find out which heuristic performs best for the in-plant goods supply 
problem VDL Nedcar has. Moreover, since VDL Nedcar wants to provide their employees with real-time 
scheduling and routing data. Our heuristics taking into account the conditions and constraints of the 
company result in so-called supply options. Of these supply options we consider the performances on 
the KPIs of VDL Nedcar to find the option that performs best over a time span of 3 years. We chose for 
this time span of 3 years since changing this process would possibly require some investment and VDL 
Nedcar wants to earn back every investment within 3 years. In order to find the policy that performs 
best on the KPIs we also need to compare their performances with the performance of the currently 
used goods supply policy with the non-system controlled forklifts. 
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5.3 Options 
For our simulations, we have to listen to the requirements of VDL Nedcar in addition to the conditions 
and constraints of the standard vehicle routing problem. One of these company specific additional 
requirements VDL Nedcar has to their goods supply problem is the limitation of the vehicle types that 
can be used. Since VDL Nedcar has a certain budget for the improvement of their in-plant goods supply 
system and agreements with suppliers of vehicles, they can only choose out of 3 vehicle types for the in-
plant goods supply of their orders; forklifts, e-train with one tractor and 4 wagons and a e-train with a 
tractor on both sides and 3 wagons. Furthermore, VDL Nedcar has currently divided their temporary 
storage locations into clusters based on their geographical location and volume. Linked to each cluster 
of temporary storage locations is a group of drivers that supplies the production line with car 
components from the temporary storage locations of their cluster. Since VDL Nedcar has designed their 
management system and organigram on these clusters, they want to try to stick to this division of their 
drivers.  

Besides, VDL Nedcar has to change some procedures too. Currently they work according to a two-bin 
policy at most places at the production line but not everywhere, in order to easily provide our heuristics 
with earliest- and latest due dates they will have to introduce it also at the places where they are 
currently not using it because of a lack of space or other issues which that they will have to solve. The 
two-bin inventory system is a system related to the kanban system and is used a lot in the automotive 
industry. An article on Investopedia (“Two-bin inventory control”, n.d.) describes the two-bin inventory 
system as a system that determines when car components that are used at the production line need to 
be replenished. In a two-bin system there are always two bins or packing units at the production line, 
when the first packing unit (working stock) gets empty another one is ordered and replaces the empty 
packing unit before the second packing unit which functions as reserve stock is empty too. The second 
packing unit is supposed to have enough car components to last until the ordered packing unit arrives. 
This system provides the earliest (the moment the first packing unit gets empty) and latest (the moment 
when the second packing unit gets empty) that we need as input for our heuristics. 

A combination of a set of company specific requirements with the use of one of the heuristics we built is 
called an option. The idea here is to use our heuristic to build real-time schedules that will be provided 
to the drivers on the displays on their vehicles. Such supply option is a possible solution to the 
MDVRPTW problem of VDL Nedcar.  The first option we consider is direct delivery performed by one of 
the most commonly used vehicle in the logistic industry; forklifts. Since they have a capacity of one 
pallet size packing unit they are perfect for direct deliveries. Moreover, since they handle and move 
faster than an e-train, they are the only vehicle type that has to be considered for direct deliveries since 
the e-train will not be able to outperform the forklift working according to this policy. For the other 
indirect delivery options we cannot make use of the forklifts since they have a capacity of only 1 
replenishment order. Therefore we make use of e-trains with a 4 wagons that each has a capacity of one 
packing unit of a pallet size. Next to a different capacity also the handling times differ between the two 
vehicles, forklifts are slightly faster. Moreover, the e-trains are not able to turn around wherever they 
want but have to follow a route without turning back 180 degrees. In order to overcome this problem 
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we also consider e-trains with a tractor at both sides so it can drive back the way it came immediately. 
However, since these trains become longer with 2 tractors they can only carry 3 wagons in order to 
move safely through the production plant. Another difficulty that comes with the use of e-trains is that 
car components that need to be delivered above floor level require an elevator; these costs are also 
considered when using e-trains. Also our split heuristic is used in combination with the two types of e-
trains. Moreover, each combination of heuristic and vehicle type we analyzed for three different 
dedication types of the vehicles. One at which each vehicle is dedicated to one specific temporary 
storage location, one dedicated to one of the already existing clusters that VDL Nedcar uses and one 
without dedication to a certain group of temporary storage locations. In more detail; VDL Nedcar has 
currently divided their drivers in clusters based on the storage locations from which they supply the 
production line. As can be seen in the map of the FAS in figure 37 in appendix H; every storage location 
is called after the dock near to it. The storage locations are divided over the clusters as follows; cluster 
785 consists of the storage locations; M25, M83 and M85, cluster 775 consists of storage locations; 
M55, M58, M60 and M65, and cluster 770 consists of the storage locations; M18 and M36. Based on the 
dedication type, the scope of dedication is different and vehicles are dedicated to a specific set of origins 
each related to a particular set of replenishment orders. We included the scope of dedication so we 
were able to investigate whether it influences the performances if vehicles are limited to a specific set of 
replenishment orders or region of the factory or not. Table 1 below provides an overview of the several 
options that are considered during our case study.   

Heuristic Dedicated to Equipment 
(Capacity) 

Turns 

Direct delivery A storage location Forklift (1) With 
A cluster of storage locations Forklift (1) With 
All storage locations Forklift (1) With 

Indirect deliveries 
 

A storage location E-train(3) With 
E-train(4)  Without 

A cluster of storage locations E-train(3) With 
E-train(4)  Without 

All storage locations E-train(3) With 
E-train(4) Without 

Split 
 

A storage location E-train(3) With 
E-train(4)  Without 

A cluster of storage locations E-train(3) With 
E-train(4)  Without 

All storage locations E-train(3) With 
E-train(4) Without 

Table 1: Overview of the supply options 

5.4 Data  
In order to quantitatively analyze the supply options discussed in the previous paragraph, we need some 
data. The variables and parameters we need for our calculation steps to calculate the distance matrices 
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and execute the heuristics are discussed in this paragraph. Moreover, the collection of this data is 
discussed. More explanation of the calculations of the costs are provided in appendix I. 

VDL Nedcar is mainly interest in minimizing their costs and keeping its clients satisfied by delivering the 
cars according to schedule. This results in two main KPIs: minimizing the costs over a time span of 3 
years and keeping the service level at least at 95%. The service level needs to be at least 95% since they 
would otherwise not be able to produce the number of cars per day BMW demands from them. After 
collecting the data, we noticed that the costs of an additional vehicle including driver and equipment 
costs per shift (around 220 to 225 euro) depending on the type of vehicle chosen and if a vehicle-
mounted computer is necessary for real-time scheduling information, is are relatively low when 
compared to the costs of a downtime per second (17.45 euro) that must be paid whenever there is a 
material shortage. This implies that even for really short downtimes the total costs are rising excessively. 
Therefore, it is for the car manufacturer more beneficial to add another vehicle to their fleet than risking 
a downtime that will cost them a lot of money. This situation suggested that we had to find the minimal 
number of vehicles that “guarantees” no downtimes of the production line, which would be the optimal 
amount of vehicles. An overview of these costs per shift of 8 hours and 50 minutes is provided in table 2 
below, how we came up with this numbers is explained in appendix A. 

Item Costs (€) 
Forklift per shift 8.30 
Tractor per shift 4.71 
Wagon per shift 1.12 
Driver per shift 208.33 
Elevator per shift 0.89 
Vehicle-mounted computer per shift 2.34 
IT control costs per shift 82.50  
IT development costs 35000 
Downtime per second 17.45 

Table 2: Costs 

The costs that we try to minimize mainly depend on the costs of the equipment per shift (CV) which is 
depends on the vehicle type (t). This cost of equipment consists of the costs of the chosen vehicle. This 
vehicle type can be a forklift, an e-train(4) or e-train(3). An e-train(4) consists of 1 tractor and 4 wagons, 
an e-train(3) consists of 2 tractors and 4 wagons. Below in figure 1 an example of such e-train(4) is 
shown. 
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Figure 1: Example of an e-train(4) used in a manufacturing plant 

Further, the costs of an employee per shift (E), costs of elevators per shift (EL) and the costs of a second 
of downtime (D) are costs that affect the decision made. The costs of elevators are only included when 
an e-train is used since elevators are used to get replenishment orders in place that must be placed on 
height. The amount of elevators per section is already determined based on the height of the supply 
areas and does not depend on the amount of vehicles used. An example of such elevator is shown below 
in figure 2.  

 

Figure 2: Example of an elevator 



   39 

 

Moreover, if chosen for real-time scheduling the information system VDL Nedcar currently uses has to 
be upgraded and prepared since the information system in the current state does not have to 
capabilities to provide real-time schedules. The estimated costs of this upgrade and preparation (IT) are 
around 35000 euros since it will cost the IT department of VDL Nedcar some time and effort to develop, 
implement and test the new capabilities the information system needs. A more detailed calculation of 
this is provided in table 16 in appendix I. Furthermore, vehicle-mounted computers need to be installed 
and the costs per shift (CC) of this equipment need to be included, the installation costs itself are 
negligible. An example of such vehicle-mounted computer through which drivers are informed about 
their schedule and the delivery routes they have to perform is shown below in figure 3. What also comes 
along with real-time scheduling is that someone has to supervise the data and maintain, update and/or 
revise the data if necessary. This person also has to intervene in case of a disruption of the process. The 
costs of such person that spends a part of his time on the supervision of the data and the process is set 
at 82.50 euro per shift and is called the control costs per shift (CO). 

 

Figure 3: An example of a vehicle-mounted computer installed at a forklift 

The variable that has to be chosen by the decision maker is the number and type of the vehicles in the 
fleet at which the cost is minimized. The number of vehicles in the fleet is indicated by the variable: 
𝑉𝑉𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸. This variable determines the total costs of the distribution network and the amount of 
downtime caused by orders that are delivered too late at the production line, also known as the service 
level of the distribution network. The number and length of the shifts are already fixed since VDL Nedcar 
has to produce a certain amount of cars for its client and therefore agreed with its client that it will 
produce cars for 48 weeks a year, 5 days a week and 2 shifts of 8 hours and 50 minutes per day for 3 
years long, so the variable 𝑆𝑆ℎ𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸 =  1440 𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸. All this results in the following formula for the costs 
over a 3 year time span that we try to minimize: 
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𝐶𝐶𝐶𝐶𝐸𝐸𝑡𝑡𝐸𝐸 = 𝑆𝑆ℎ𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸 ∗ ( 𝑉𝑉𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸 ∗ (𝐸𝐸 + 𝐶𝐶𝑉𝑉𝑡𝑡 + 𝐶𝐶𝐶𝐶) + 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 ∗ 𝐻𝐻 + 𝐸𝐸𝐿𝐿 + 𝐶𝐶𝐶𝐶) + 𝐼𝐼𝐼𝐼  

The service level is defined as the ratio between the time the production line is shut down by a late 
delivery and the total shift time of 8 hours and 50 minutes in case of VDL Nedcar: 

𝑆𝑆𝐸𝐸𝐸𝐸𝑣𝑣𝐸𝐸𝑖𝑖𝐸𝐸 𝐸𝐸𝐸𝐸𝑣𝑣𝐸𝐸𝐸𝐸 =  
𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 𝑝𝑝𝐸𝐸𝐸𝐸 𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝑡𝑡

𝑆𝑆ℎ𝐸𝐸𝑖𝑖𝑡𝑡 𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸
∗ 100 

Other important indicators of performance are; the average occupancy rate of the vehicles which 
answers how much the vehicles are used on average during a shift and the average occupancy rate of 
the vehicle capacity which answers how much of the vehicle capacity is used on average during 
operations. These occupancy rates, which provide more inside information on how the vehicles are 
used, are calculated as follows: 

𝐶𝐶𝑖𝑖𝑖𝑖𝑂𝑂𝑝𝑝𝐸𝐸𝐷𝐷𝑖𝑖𝑂𝑂 𝑣𝑣𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸 =
𝐶𝐶𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷 𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 𝑣𝑣𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸 𝑝𝑝𝐸𝐸𝐸𝐸 𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝑡𝑡

𝑆𝑆ℎ𝐸𝐸𝑖𝑖𝑡𝑡 𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸
 

𝐶𝐶𝑖𝑖𝑖𝑖𝑂𝑂𝑝𝑝𝐸𝐸𝐷𝐷𝑖𝑖𝑂𝑂 𝑖𝑖𝐸𝐸𝑝𝑝𝐸𝐸𝑖𝑖𝐸𝐸𝑡𝑡𝑂𝑂 =
𝐴𝐴𝑣𝑣𝐸𝐸𝐸𝐸𝐸𝐸𝐴𝐴𝐸𝐸 𝑣𝑣𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸 𝑖𝑖𝐸𝐸𝑝𝑝𝐸𝐸𝑖𝑖𝐸𝐸𝑡𝑡𝑂𝑂 𝑂𝑂𝐸𝐸𝐸𝐸𝑢𝑢

𝑉𝑉𝐸𝐸ℎ𝐸𝐸𝑖𝑖𝐸𝐸𝐸𝐸 𝑖𝑖𝐸𝐸𝑝𝑝𝐸𝐸𝑖𝑖𝐸𝐸𝑡𝑡𝑂𝑂
 

In order to setup a schedule and calculate the optimal amount of vehicles and downtime, the order 
moments which are based on the refill rates of the car components are required. The refill rates are 
collected from the data available in the information system that VDL Nedcar uses. As mentioned before, 
they fix the sequence of the cars going through the production line and therefore they know exactly at 
what time which car component is needed at the production line after the information system upgrade. 

Other important data required to setup a schedule are the times the trips between the different origins 
and destinations take. These times are based on the distances between the locations and the handling 
times of the vehicles. The handling times of the vehicles are calculated based on methods-time 
measurement (MTM) guidelines. Methods-Time Measurement (MTM) is a predetermined motion time 
system that is used primarily in industrial settings to analyze the methods used to perform any manual 
operation or task and, as a car component of that analysis, set the standard time in which a worker 
should complete that task. As can be seen in table 3 below, the speed of both types of vehicles is the 
same since VDL Nedcar has a speed limitation. Furthermore, a forklift performs its turns slightly faster 
and outperforms the e-trains in switching an empty packing unit for a full one including the deposit of 
the empty packing unit at a reusable packaging collection depot. The difference in switching time is 
mainly caused by the fact that the switching process is completely different for a forklift and an e-train. 
A forklift can simply pick up the packing units and put them in place while a driver of an e-train has to 
step off the vehicle to switch the packing units manually. In addition to these advantages, a forklift can 
turn around 180 degrees instead of an e-train with one tractor and 4 wagons. However, an e-train with 2 
tractors and 3 wagons overcomes this turning problem. Although, a forklift outperforms an e-train on 
handling times, an e-train can carry 3 to 4 times more orders than a forklift and will therefore not 
necessarily perform better overall. 
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Item Forklift E-train 

Speed (s/m) 0.47 0.47 

Turn speed (s/m) 2.02 3.31 

Switching of packing units (s) 79.99 122.87 

Table 3: MTM Handling times 

5.5 Simulations 
The simulations executed during this research can be divided in a couple of steps. At first the demand 
forecasts were made and based on them the set of replenishment orders that we used as input for the 
scheduling tasks was created, these steps are explained in the first sub-paragraph. Next, the travel times 
between the different locations in the manufacturing plant had to be calculated. Therefore, we designed 
an algorithm that calculates the optimal route between every important location in the manufacturing 
plant and hereby decides which direction a vehicle should chose on crossings to get to its destination as 
fast as possible. This resulted in distance matrices that provide the times it costs to get from point A to 
point B using a specific vehicle type. In the second sub-paragraph we explained how we came up with 
these matrices. These distance matrices are then used to setup routes for replenishment orders or in 
case of the indirect delivery- and split heuristics to setup routes that supply multiple replenishment 
orders at once. This process will be discussed in paragraph 3. At last, the heuristics were used to setup 
schedules for the fleets of vehicles. Hereby, the size of the fleet was the major parameter that was used 
to find the schedules that provided the lowest costs for every option. The setup of these simulations is 
described in the second paragraph. 

5.5.1 Demand forecasts 
As input for the simulations of our heuristics we used demand forecasts on the car components and the 
specifications of the packing units of these car components. These demand forecasts are based upon the 
volume agreements between VDL Nedcar and its customer that consider the production volume 9 
months ahead. Based on the averages of these volume agreements we forecasted the demand of the 
car components per shift and the inter-arrival time of the replenishment orders that we used as input 
for our heuristic simulations. This expected demand per shift of a car component is expressed in amount 
of packing units to be delivered of a specific car component per shift since in practice car components 
are supplied per packing unit to the supply areas at the production line. Based on this expected demand 
per shift we can calculate the average inter-arrival time of replenishment orders that consist of one 
packing unit of a car component. 

Based on the volume agreements and the actual orders of the client of VDL Nedcar a sequence of cars to 
be produced is fixed which is called the pearl chain. VDL Nedcar fixes the production sequence of the 
cars in such pearl chain to enable them to deliver car components just-in-sequence to the production 
line. Further, VDL Nedcar tries to spread out the peaks in car component demand by distributing the 
different models and types of cars evenly over the sequence of the pearl chain such that the demand is 
relatively equally distributed over time and variations in the demand levels are minimized. The sequence 
of cars that will be produced is known 10 days ahead, the length of the pearl chain.  
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In order to include the stochastic behavior of the demand of the car components we forecasted the 
moments in time a supply area orders a packing unit of a car component according to a Poisson 
distribution. We chose for to use the Poisson distribution for this forecast since for a given frequency 
distribution of a quantity, if the range of that quantity starts from 0 and proceeds to a positive integer, a 
Poisson probability distribution can be fitted to that data using the observed mean frequency of that 
quantity. However, note that the Poisson distribution may not exactly predict the observed frequency 
because the Poisson distribution holds only for random variables assuming discrete values and whose 
occurrence is completely independent of any of its previous occurrences. Yet, using the Poisson 
distribution with its random character provides us with a kind of worst case scenario situation with a 
great variance in inter-arrival times at which the intervals between replenishment orders can vary a lot 
in time.  

We forecasted the inter-arrival times of the orders using the Poisson distribution for all the car 
components in scope for 10 days in advance, the length of the pearl chain. These forecasts were built in 
Excel using VBA language. We chose for 10 days since we were able to compare these forecasts with the 
real known and fixed pearl chain. This provides a proper view on the real inter-arrival times of the 
replenishment orders since the sequence of the pearl chain 10 days ahead will only change when a car 
needs to be repaired so badly that it cannot be repaired in-line and needs to be taken out of the pearl 
chain which occurs in just around 1% of the cars. Moreover, the production line produces according to a 
certain tempo on which the inter-arrival times can be based this tempo is also good to predict 10 days 
ahead since this tempo will only be influenced by downtimes which are very rare.   

Based upon the forecasted inter-arrival times of replenishment orders of the car components in scope, 
we were able to calculate the earliest- and latest due date of every replenishment order. Since VDL 
Nedcar works according to a two-bin principle at which a new bin or packing unit can be delivered at the 
supply area from the moment in time when one of the two bins gets empty (earliest) until the moment 
in time when also the second bin gets empty (latest). This way, we got a set of replenishment orders 
with each an earliest- and latest due date. 

An overview of a couple of such replenishment orders is shown below in table 4. As can be seen, each 
replenishment order has a reference code of the car component of which it has to supply a packing unit. 
Moreover, each replenishment order has information on the storage location (origin) of the packing unit 
of the car component of the order and the supply area (destination) it has to be delivered to. At last, 
each replenishment order has an earliest and latest in between the packing unit of the car component 
has to be delivered to the supply area. These earliest- and latest due dates are measured in the seconds 
after the start of the simulation. So for example a packing unit of car component TVK60NUH has to be 
supplied from storage location M60A to supply area KNU between 13990 and 15538 seconds after the 
start of the simulation. 
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Car component Storage location Supply area Earliest Latest 

SIT48NUV M83 KPZ 15336 15533 

TVK60NUH M60A KNU 13990 15538 

736147815 M55L KJR 13572 15540 

SIT60LHV M83 KPZ 15369 15576 

685158007 M85C F13S01 14022 15580 

TVK48RHH M60B KNU 14214 15619 

FREF60VG M25 KAA 14072 15629 

SIT60NUR M83 KPZ 15419 15630 

ITAVDLVG M55E KJT 13106 15639 

Table 4: Example of replenishment orders 

5.5.2 Distance matrix 
The FAS can be illustrated as a street map with a lot of crossings and streets, as shown in figure 37 in 
appendix H. As our goal is to setup routes and schedules for vehicles, we are interested in the time it 
takes to drive from one specific point in the FAS to another. Since the FAS, has a lot of different streets 
and crossings and VDL Nedcar has no information on the distances between the storage locations and 
supply areas in scope we had to develop an algorithm that calculates the optimal route with the shortest 
distance between these locations for us. We will call this algorithm the shortest distance algorithm from 
now on. 

In order to do so, we made a coordinate system with an x and y axis that both start with zero in the top 
left corner and in case of the y axis increase while going down and in case of the x axis increase while 
going further to the right on the map of the FAS. These axes are already included in figure 37 of the FAS 
in appendix H. This coordinate system enabled us to assign a coordinate to every location in scope (the 
storage locations and supply areas). Moreover, we gathered information about the distances between 
different points of interest on the same axes which are crossings, storage locations and supply areas. 
This implies that we already know all the distances between storage locations, supply areas and 
crossings on the same axes. These distances together with the coordinates of the locations are used as 
input for our shortest distance algorithm. 

When calculating the shortest distance from any point A to any point B our algorithm uses the absolute 
difference in coordinates. Between point A and point B this would be; |xA-xB| + |yA-yB|. Before a move is 
made in a certain direction our algorithm checks 2 steps ahead to search for the 2 step move that 
minimizes the already travelled distance plus the distance to be travelled to point B. This implies that 
the algorithm is basically able to look around the corner and think not 1 but 2 steps ahead while keeping 
the information on the already taken steps in mind. Next, the algorithm takes the first step of the 2 
steps that minimize the previous mentioned absolute distance. Subsequently the algorithm starts from 
this new point searching again for the next 2 step move that minimizes the absolute difference between 
the point 2 steps ahead from this point and point B. This process repeats itself until point B is reached, 
meanwhile the distances of the chosen steps are added together and in the end form the shortest 
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distance between point A and point B. However, in case of an end location in a one way street, the 
algorithm focuses on the starting point of this one way street instead of point B. This way the algorithm 
wants to enter the one way street from the right direction. 

Keep in mind that in order to calculate the total time it takes to drive such route MTM times are used. 
This implies that every travelled meter costs a specified amount time to perform according to MTM 
based on the vehicle type that it performs. Moreover, MTM works with so called penalties or additional 
costs for turns, since making a turn with a vehicle cost more time than driving straight ahead. Therefore, 
the number of turns a vehicle takes while driving a specific route is tracked; every time the vehicle starts 
a movement on another axis than the previous performed movement the amount of turns made is 
increased by one. In the end the time spent performing a route is calculated by; the travelled distance in 
meters * the seconds to travel a meter according to MTM guidelines + the amount of turns * the 
seconds to perform a turn according to MTM guidelines. 

An example of this process is illustrated below in figure 4 where the algorithm needs to find the shortest 
route from point A to point B. Thinking 2 steps ahead, the algorithm finds that point D is the best option 
out of all points 2 steps ahead from point A since it has the minimal sum of the absolute distance 
travelled to point D plus the absolute distance that still needs to be taken from point D to reach point B; 
(|xA-xC| + |yA-yC|) +(|xC-xD| + |yC-yD|)+(|xD-xB| + |yD-yB|). Next, the algorithm takes the first step of 
these 2 steps to point C and starts looking again for the 2 steps that bring it the closest to point B with 
the least distance travelled. This would be point B itself, this implies that the end point is already 
reached and both of the 2 steps are taken and added to total distance taken which from now on 
represent the optimal and thus shortest route point A to point B. Moreover, the amount of turns made 
is 2, since 2 times the driver needs to start a movement on another axis as its previous movement. All in 
all, the algorithm finds the routes with the shortest distance from point A to point B without taking a 
detour like the one illustrated with a red line below in figure 4 that concerns the route from a storage 
location to a supply area at the production line. 

 

Figure 4: Example of a route calculated with the shortest distance algorithm 
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Since during our scheduling task all kinds of routes can be constructed, we calculated all the distances 
and travel times per vehicle type between all the supply areas and temporary storage locations in scope. 
This resulted in multiple travel time matrices, one per vehicle type. A part of the travel time matrix of 
the e-train(3) is shown as an example below in table 5. Here, all the travel times are provided in seconds 
(𝐼𝐼𝑚𝑚,𝑛𝑛,𝑜𝑜−𝑡𝑡𝑜𝑜𝑡𝑡𝑖𝑖𝑛𝑛(3)) where 𝐷𝐷 (first column) and 𝐷𝐷 (first row) cover all the supply areas (𝐶𝐶) and temporary 
storage locations (𝐻𝐻) in scope. 

From\To C1AS04 C2AS03 C2AS20 C2AS21 D2AS08 E1AS05 F01S01 F05S07 F13S01 F1AS01 F1AS05 

C1AS04 0 0 17 17 35 54 198 242 215 54 52 

C2AS03 0 0 17 17 35 54 198 242 215 54 52 

C2AS20 17 17 0 0 35 67 214 259 232 67 68 

C2AS21 17 17 0 0 35 67 214 259 232 67 68 

D2AS08 35 35 35 35 0 54 194 242 208 54 52 

E1AS05 54 54 67 67 54 0 217 228 180 0 23 

F01S01 198 198 214 214 194 217 0 77 97 217 214 

F05S07 242 242 259 259 242 228 74 0 71 228 226 

F13S01 212 212 232 232 212 180 34 71 0 180 177 

F1AS01 54 54 67 67 54 0 217 228 180 0 23 

F1AS05 52 52 68 68 52 23 214 226 177 23 0 

Table 5: Part of the e-train(3) travel time matrix  

An e-train(4) is a vehicle type that cannot turn around 180 degrees and thus has 𝐼𝐼𝑈𝑈𝑜𝑜−𝑡𝑡𝑜𝑜𝑡𝑡𝑖𝑖𝑛𝑛(4) = 0. Here, 
the incoming and outgoing directions at every move are tracked during the execution of the shortest 
distance algorithm. The incoming direction cannot be the opposite direction of the outgoing direction. 
An e-train(4) that enters a point in direction 1 cannot leave this point in direction 3. This applies for any 
point of interest like crossings, depots, customers etcetera. Since the e-train(4) cannot turn around 180 
degrees the times between locations may differ with the times of the e-train(3) although the handing 
times and (turning-) speed are the same. 

5.5.3 Routes 
After the input preparation, we started using our heuristics. The first task our heuristics perform is 
setting up the routes that will be scheduled on the vehicles. In case of the direct delivery heuristic these 
routes will be simple single delivery routes; depot-customer-depot. But in case of the indirect delivery 
and split heuristic the creation of these routes will be much more complex. 

We got the set replenishment orders that we use as input to setup the routes by forecasting the inter-
arrival times of these orders based upon a Poisson distribution. Hereby, the earliest- and latest due 
dates of the replenishment orders in combination with the origins and destinations of the delivery 
routes of these replenishment orders and the handling times to perform these delivery routes are used 
as input for the scheduling task of the heuristics. These handling times are based upon MTM-guidelines 
related to the vehicle type that is chosen to execute the handling. Since the MTM-guidelines provided 
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deterministic times to perform certain tasks and the earliest- and latest due dates of the replenishment 
orders are already calculated, the simulation is from now on a deterministic simulation and just follows 
the steps of the heuristics used. JAVA language suits simulations like this were a lot of calculations steps 
need to be made and is therefore used to perform these simulations. 

Simulating the first steps of the heuristics using the input of the previous paragraphs resulted in lists of 
routes. Different route lists were created for each option with each different vehicle- and dedication 
types. An example of a part of such list, a part of the e-train(4) list with vehicles that are not dedicated 
to specific storage locations, is shown below in table 6. 

Car components Start location End location Earliest Latest Loaded trip time 

SVKF57LH SVKF57RH O O M55E M55E 4202 4778 316 

ITAVDLVG HIMF48VG O O M55E M55A 4569 4711 412 

738211310 933281205 O O M18 M18 3832 4661 474 

KSKVDLVG O O O M58 M58 4300 4834 141 

KUEVDLVG TVKRHV O O M60G M60H 4210 4903 360 

685696005 687272904 685158007 O M85D M85C 4656 4810 447 

ITAF60VG HKLVDLVG O O M55D M55C 4278 4915 376 

686503004 MOTPETVG O O M85D M85F 4071 4869 370 

SITTBNUV SIT60LHV SIT48RHV SIT60NUV M83 M83 4884 4932 344 

Table 6: Part of the e-train(4) route list with vehicles without dedication 

The table above shows us of which car components packing units are put together on a delivery route. 
An “O” stands for an empty storage place on the vehicle. Moreover, the table provides information on 
the start- (𝐵𝐵𝑘𝑘) and end (𝐸𝐸𝑘𝑘) locations and the earliest and latest departure times of the routes 
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡  & 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡). At last, the times to perform the routes (loaded trip time using an 
e-train(4)) are provided which stand for the 𝐿𝐿𝑘𝑘,𝑡𝑡 of the heuristics description with vehicle type 𝑡𝑡 = 𝐸𝐸 −
𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸𝐷𝐷(4). Moreover, 𝑘𝑘 refers to the name of the route in the column “Car components”, the routes 
here are named after the replenishment orders of car components on the routes. 

5.5.4 Scheduling 
At last, we needed to schedule the created routes over the fleet of delivery vehicles for every option. 
For every option we had to find the schedule that realizes the lowest costs since the goal of this case 
study is to find the goods supply policy with the lowest costs. Therefore, we simulated the operation of 
the heuristics for each option with different fleet sizes. The fleet size that provided the schedule with 
the lowest costs was set as the best fleet size for the option in case. 

The results of the scheduling simulation are schedules where replenishment orders are included in 
routes which have certain executing times (𝐿𝐿𝑘𝑘,𝑡𝑡), start- and end times and start- (𝐵𝐵𝑘𝑘) and end 
(𝐸𝐸𝑘𝑘) locations which all resulted from the calculation steps of the heuristics. Here, 𝑘𝑘 refers to the name 
of the route in the column “Trip” and 𝑡𝑡 refers to the number of the vehicle in the column “Vehicle”. An 
example of a part of such schedule is provided below in table 7. As in table 6 the loaded trips are named 
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after the car components of which packing units are scheduled on this route. Moreover, you can see 
unloaded trips from the last end location to the next start location. This value can be zero if it is the 
same location. The execution time in this table stands for the time of a loaded trip, unloaded trip or 
material shortage. 

Vehicle Trip Start time End time Start location End location Execution time 

8 Unloaded trip (SIT60NUR SIT60RHV O O) 3616 3616 M83 M83 0 

8 SIT60NUR SIT60RHV O O 3616 3852 M83 M83 236 

14 Unloaded trip (740540707 STFF60VG FREF60VG O) 3527 3527 M25 M25 0 

14 740540707 STFF60VG FREF60VG O 3527 3897 M25 M25 370 

16 Unloaded trip (738211310 738066511 O O) 3150 3150 M18 M18 0 

16 738211310 738066511 O O 3150 3628 M18 M18 478 

15 Unloaded trip (TVK48RHH TVK60NUV TVK48NEU O) 3197 3273 M58 M60B 76 

15 TVK48RHH TVK60NUV TVK48NEU O 3273 3655 M60B M60B 382 

11 Unloaded trip (733141907 KSKVDLVG O O) 3401 3457 M55C M55 56 

11 733141907 KSKVDLVG O O 3457 3935 M55 M58 478 

16 Unloaded trip (STFF60VG STFF48VG FREF48VG O) 3631 3804 M18 M25 173 

16 STFF60VG STFF48VG FREF48VG O 3804 4174 M25 M25 370 

Table 7: Example schedule 

Based on these schedules we calculated the performances on the (key-) performance indicators and 
searched for the optimal size of the fleet for each option. The results of the options with their optimal 
fleet size are shown in the tables in the appendices B, C, D and E. In these tables we can see the 
occupancy rates of vehicles and the capacity of the vehicles and the average times of unloaded- and 
loaded trips. But also the average amount of the different kind of trips and the size of the MDVRPTW 
problem (the amount of replenishment orders). Further, the computation time is included since this has 
a major impact on the real-life performance of the options. And last but not least the service level and 
costs related to equipment, drivers and downtimes are calculated on which we based the optimal size of 
the delivery vehicle fleet. All these results will be discussed in the next paragraph. 

Further, while executing the simulations, we experienced that the computation time for the indirect 
delivery and split heuristics where routes have to be setup increased excessively when the set of 
replenishment orders got larger. Therefore, we chose to limit the set of replenishment orders to the 
forecasted replenishment orders of 3 shifts. So limited by the inconvenience of long computation times 
we decided that 3 shifts should provide enough information on the performance of the heuristics and 
goods supply policies to be able to draw some conclusions on these performances. 

5.5.5 Verification and validation 
During the development, implementation and testing stages of the heuristics and the simulations of 
these heuristics, we continually validated and verified the data, models and processes we used. 
Validation is the process of evaluating if the product, in our case the heuristics and simulations we built, 
meet the customer expectations and requirements. Validation is a dynamic mechanism of validating and 
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testing the actual product. Verification on its turn will help to determine whether the product is of a 
high quality, but it will not ensure that the product is actually useful. Verification is concerned with 
whether the product is well-engineered, error-free and meets the specifications of the product made 
during the development process. Moreover, figure 5 below provides a schematic view on this difference 
between validation and verification. 

 

Figure 5: The validation and verification processes 

3.1.1.1 Validation 
Michael, Drusinsky, Otani & Shing (2011)  describe validation activities as the activities that ensure that 
the right product is built by determining whether it meets customer expectations and fulfills specific 
user-defined intended purposes or in other words: Did we do the right thing? The simulation models are 
validated by using the methods face validity, internal validity and degenerate tests. Below, these 
methods are explained in more detail. 

Face Validity: 

Face validity is described by Irobi et al. (2001) by asking people familiar with the system if the logic used 
in the conceptual model is correct and whether or not input-output relationship is reasonable. The 
correctness of the input and output of our heuristics and the simulation models are discussed multiple 
times with logistic engineers of VDL Nedcar that are familiar with the goods supply problem of the case 
study. They agreed with the setup of the heuristics and confirmed that they considered the input-output 
relationships as reasonable. In addition, they mentioned that the output of the heuristics we built would 
be very useful to solve the goods supply problem at VDL Nedcar.  

Moreover, we discussed the heuristics and simulation models with representatives of the IT department 
of VDL Nedcar in order to check if our heuristics could be built in in the existing information system. 
Here, we found some opposition against the input and output of our heuristics since in order for them 
to be built in in the existing information system more data must be stored than is currently done and 
some data that is already stored must be stored differently which will influence other processes. 

Internal Validity: 
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According to Sargent (2003), a large amount of stochastic variability may be a sign of lack of consistency 
and may result in questionable results. He suggests that several replications (or runs) of the simulation 
model should be performed to determine the extent of internal stochastic variability of the simulation 
model.  

The internal validity of the simulation models is checked by running them multiple times. We forecasted 
the inter-arrival times of the orders using the Poisson distribution for all the car components in scope for 
2 weeks in advance. Here, we chose for a time span of 2 weeks since the chance of changes in the 
sequence of the cars or delay increases excessively when considering a longer period. However, we 
were able to recognize that the forecasting model met our expectations and did perform consistently 
over the 2 weeks simulation time span. Moreover, we simulated the simulation models of the working 
of our heuristics at the goods supply problem at VDL Nedcar for 3 shifts. Due to excessively increasing 
computation times when the number of orders increased we chose to simulate just 3 shifts. However, 
we were still able to see that the goods supply process of each option behaved similar at all 3 shifts. This 
suggests that the models perform consistently but in order to strengthen this assumption we need to 
simulate the heuristic simulation models for more than 3 shifts. 

Degenerate Tests: 

The degeneracy of the simulation model‘s behaviors is also tested by suitable choice of input 
parameters in order to answer whether or not the results change reasonable. Therefore, we designed 
multiple degenerate tests like for example for the demand forecast we put the expected demand size of 
a car component on zero which resulted, as expected, in no replenishment orders for this car 
component. Moreover, we continued to increase the fleet size although the service level already 
reached 100% in order to analyze whether the extra vehicles will be used or not. As expected the extra 
vehicles were not used and the schedules remained the same. We tested if the simulation models 
behave as expected in all important situations after which we can say the model behaves as expected.  

3.1.1.2 Verification 
As mentiond by Michael, Drusinsky, Otani & Shing (2011); verification refers to activities that ensure the 
product is built correctly by assessing whether it meets its specifications or in other words: Did we do 
the things we did right? Therefore, we verified the input of our simulations and the simulations of the 
heuristics itself by the following methods: 

- We traced the operation of the simulation models. 
- We checked the consistency of the outputs of the simulation models. 
- We checked various extreme values. 

This way we secured the outcome of the simulations to meet the (lower level-) specifications we setup 
together with VDL Nedcar. Without the right input the simulations cannot provide meaningful 
outcomes. Furthermore, the operation of the heuristics built and the simulations have to be verified and 
checked whether they are setup and operate according to the specifications. This section presents per 
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simulation model (and in case of a simulation of a heuristic also per part) the verification steps we 
performed between the lower- and higher level specifications in order to verify the simulation models: 

Demand forecast: 

- Consistency checking: The demand forecasts are compared to the real demands of the car 
components extracted from the pearl chain that is already known 10 days ahead and checked 
whether it consistently provides an acceptable prediction of the actual demand.  

- Extreme value checking: Major deviations between the forecasts and real demands are further 
reviewed and recalculated if necessary. 

Distance matrix: 

- Consistency checking: The outcomes of the shortest-distance algorithm are tested by scenario-
based test cases. Manually we checked if the right values were present in the travel time 
matrices for randomly chosen cases of the following scenarios; a straight route, a route with one 
turn, a route with multiple turns and routes that started or ended in one-way traffic street. 
Hereby, we detected some malfunction regarded to the one-way streets which we solved. 

- Extreme value checking: Deviations greater than 1.5 between the difference in coordinates 
between the start- and end locations (|𝑋𝑋𝑠𝑠𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡 − 𝑋𝑋𝑜𝑜𝑛𝑛𝑜𝑜| + |𝑌𝑌𝑠𝑠𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡 − 𝑌𝑌𝑜𝑜𝑛𝑛𝑜𝑜|) and the distance 
provided in the distance matrix are further analyzed. Here, we zoomed in on the exact steps 
taken during the execution of the route. Here, we found some small mistakes in the code after 
which we had to change it but in the end we solved it all. 

- Extreme value checking: A distance of zero or less than less is also further analyzed and also 
here we zoomed in on the exact steps taken during the execution of the route. Also here we 
found some small mistakes in the code after which we had to change it but in the end we solved 
it all. 

- Operation tracking: We built an automatic notification generator that prints the start- and end 
locations of a route and the corresponding distance and all moves made at this route so we can 
easily trace if the routes and its distance seem logical and optimal. 

Heuristic (Route part): 

- Consistency checking: Every time we simulated a goods supply option we checked if we had the 
right input related to this option like the vehicle type, replenishment order set, travel time 
matrices, handling times etcetera. 

- Consistency checking: After every simulation we checked if no orders went missing and thus all 
orders were scheduled on a route. 

- Consistency checking: After each simulation we checked if the sequence of visits of (sub-) 
destinations follows the prescription of the chosen heuristic. 

- Consistency checking: After every simulation we checked if every route 𝑘𝑘 with the chosen 
vehicle type 𝑡𝑡 has its 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑘𝑘,𝑡𝑡 > 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑘𝑘,𝑡𝑡 and if this was not the case we removed the order 
that brought the latest due date the most forward in time from the route. 
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- Operation tracking: We build an automatic notification generator that provides us the set of 
possible savings (𝐻𝐻𝑆𝑆𝑖𝑖) whenever a set of possible savings is used. A set of possible savings 
indicates the set of replenishment orders that can be scheduled on the same route as 
replenishment order 𝐸𝐸 and might possibly lead to a saving of time. This set includes all the orders 
that have an overlapping time window with the time window of order 𝐸𝐸. In other words, 𝐻𝐻𝑆𝑆𝑖𝑖 
includes all orders 𝑂𝑂 of which 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦 or 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦 is located in between 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖. This way we can analyze whether the models use the right 
sets of possible savings. 

- Operation tracking: We build an automatic notification generator that provides us after the 
creation of each route what replenishment orders are based on this route, the earliest- and 
latest due dates of the route and the earliest- and latest due dates of the replenishment orders 
on the particular route. Hereby, we can track whether the models create the right routes in the 
right order. 

Heuristic (Scheduling part): 

- Consistency checking: After every simulation we checked if every vehicle is not used for more 
than 100% of the simulation timespan. 

- Consistency checking: After every simulation we checked for every vehicle and all its routes if 
the end location is the start location of the following route. This implies a vehicle cannot 
disappear somewhere and suddenly appear somewhere else. 

- Operation tracking: We build an automatic notification generator that provides us after a route 
is scheduled the following information: the route number, the start location of the route, the 
vehicle number of the vehicle that will execute the route, the current location of the vehicle, the 
time available of the vehicle, the start time of the loaded trip and the unloaded trip, the 
execution time of the route(loaded trip time), unloaded trip time and the earliest- and latest 
due dates of the route. Hereby, we can track whether the models schedules the routes on the 
right vehicle on the right time in the right order. 

5.6 Analysis  
Here, the outcomes of the simulations are provided and discussed in order to find the best policy and 
thereby heuristic for the in-plant goods supply problem at VDL Nedcar. For each supply option the 
heuristics are used to find the optimal amount of vehicles that minimizes the costs and satisfies the 
service level requirements. However, in order to find the best policy for VDL Nedcar the performances 
of these options do have to be compared with the current goods supply method which is included in the 
comparisons. Table 8 provides an overview of the best options with the lowest costs per heuristic and 
possible vehicle type. Although, for the split heuristic we only considered e-train(4) since we found out it 
performed exactly the same as the indirect delivery heuristic which will be discussed in more detail later 
on. 
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Optimal options per heuristic Current goods 
supply method 

Direct delivery Indirect delivery Split 

Vehicle type Forklift Forklift Forklift E-train(4) E-train(3) E-train(4) 
Dedicated to Clusters All Storage locations All All All 
Vehicles 27 19 19 25 21 25 
3-year costs (€) 8,422,704 6,144,910 6,144,910 8,041,983 6,780,696 8,041,983 
Service level (%) N/A 100.00 100.00 100.00 100.00 100.00 
Average time unloaded trips (s) N/A 98.44 N/A 84.11 96.44 84.11 
Average time loaded trips (s) N/A 133.55 134.92 498.01 315.32 498.01 
Average time loaded trips per order (s) N/A 133.55 134.92 193.05 145.49 193.05 
Average occupancy vehicle (%) N/A 75.78 65.43 69.14 67.48 69.14 
Vehicle usage  Unloaded trips (%) N/A 18.16 0.00 4.77 7.16 4.77 

Loaded trips (%) N/A 81.84 100.00 95.23 92.84 95.23 
Average occupancy vehicle capacity (%) N/A 100.00 100.00 64.49 54.18 64.49 

Table 8: Summary results simulations 

In order to compare the performances of the new supply options based on our heuristics, we first 
needed to analyze the current goods supply method and its performances. As mentioned before, in the 
current situation every vehicle is responsible for a set of tasks which consists of refilling car components 
that are stocked in the storage locations of their cluster. Storage locations are assigned to a specific 
cluster based on their geographical location and volume. Since VDL Nedcar does not track the service 
levels or occupancy rates, the only data available on the currently used goods supply method is the 
amount of jobs and the costs related to these jobs that are shown below in table 8. These costs consist 
of the amount of jobs times the costs of a driver and forklift per shift as mentioned in the previous 
paragraph. On the contrast, the simulations of the operations of our heuristics provided us with more 
detailed information on the performance of the policies related to these heuristics. An overview of the 
performances of all the options on all their performance indicators is provided in the appendices B, C, D 
and E but here only the most important indicators of the options with the lowest costs are included in 
table 8. In the next sub-paragraphs all the interesting findings will be discussed. 

5.6.1 Differences in performances between the heuristics 
This sub-paragraph provides an overview of all the differences found between the performances of the 
different heuristics.  

5.6.1.1 Scheduling complexity 
At first, when looking at table 8, it immediately stands out that the costs of the direct delivery heuristic 
with forklifts without dedication and with dedication to a storage location perform the same as each 
other and better than all other options. This is mainly caused by the fact that their fleet size is the 
smallest. By using the direct delivery heuristic 8 fewer vehicles and drivers are required which is a 
decrease of 29.63% in manpower. Their fleet size can be this small since the average time of the loaded 
trips is much smaller than the average times of the loaded trips of the other options. In other words the 
puzzle pieces (routes) they have to schedule over the vehicles are smaller and thereby the puzzling 
(scheduling) becomes less complex. Moreover, the time window in which a combined route must start 
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to be executed gets much smaller since the time window is influenced by multiple orders and the 
vehicle has more intermediate destinations before it delivers the orders at their actual destinations.  
Considering that the time windows in which the routes have to performed are really small, often just a 
couple of minutes, these are a very important characteristics that have a major influence on the 
performances of the options. Further, when multiple orders are scheduled on the same delivery route, 
the time to perform the route increases which makes it harder to schedule such routes which cause 
lower vehicle occupancy and thus more vehicles are needed to deliver all the orders to the production 
line.  

5.6.1.2 Switch times 
Next, we further investigated the major difference in performance between the direct delivery heuristic 
and the other heuristics. A plausible reason for the indirect delivery heuristic performing worse than the 
direct delivery heuristic is that there is such a big difference in the time it takes to switch packing units; 
it takes a forklift 79 seconds to switch packing units and an e-train 123 seconds which is 55.70% bigger. 
In combination with the fact that the switch of packing units takes a big part of the total loaded trip time 
for both options; time to switch packing units takes on average 58.61% of the time of a loaded trip for 
direct delivery and 64.12% of the time of a loaded trip for indirect deliveries, the negative impact of this 
longer switching time is therefore bigger. The effect of this ratio is illustrated best by the increase in 
occupancy rate of the vehicle dedicated to M58 when using the indirect delivery heuristic instead of the 
direct delivery heuristic, which can be found in table 19 and table 23 in appendix K and L. At this storage 
location, just one car component is stored that has its destination at the production line close by the 
storage location. Therefore, the difference in switching time has a big impact here; the occupancy rate is 
328.18% higher with the indirect delivery heuristic than with the direct delivery heuristic. 

Therefore, we decided to analyze the effects of this observation further by checking the performances 
of the indirect delivery heuristic if the e-train was able to switch the packing units as fast as the forklift. 
We simulated this fictional option for the options where the vehicles are not dedicated at all and 
dedicated to the clusters which provided the results shown in table 21 in appendix K. We chose to leave 
the option where the vehicles are dedicated to single storage locations out of scope since that option is 
significantly outperformed by the other options. The results in table 21 provided us with some 
interesting insights, logically the average time of a loaded trip decreased in comparison to the average 
time of loaded trip with the real-time to switch a packing unit of an e-train. Furthermore, as expected 
from an indirect delivery; the average time spent on a loaded trip per order decreased for almost every 
option compared to the average time spent on a loaded trip per order for the direct delivery heuristic. 
Nevertheless, the other performance indicators stay somehow the same except the number of vehicles 
which decreased significantly and even slightly outperformed the direct delivery heuristic for the 
options where the vehicles where not dedicated to specific storage locations and for cluster 785. For the 
option without dedicated vehicles this new setup for the indirect delivery heuristic outperformed the 
direct delivery heuristic since the average time of loaded trips per order decreased by putting orders 
together on a route. Even so the direct delivery heuristic is outperformed for cluster 785 since the 
amount of the on average very long unloaded trips decreased significantly with 69.86%.  
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5.6.1.3 Turns 
The e-trains with one tractor and 4 wagons are not able to turn around wherever they want but have to 
follow a route without turning back 180 degrees. In order to overcome this problem we also considered 
e-trains with a tractor at both sides so it can drive back the way it came immediately. However, since 
these trains become longer with 2 tractors they can only carry 3 wagons in order to move safely through 
the production plant. 

As can be seen in table 8, the indirect delivery heuristic using e-train (3) outperforms the indirect 
delivery heuristic using the standard e-train(4), this implies that having the ability to perform a turn of 
180 degrees in the middle of a street has more influence on the performance of the option than the 
advantage of having an extra wagon. The complete results of the indirect delivery heuristic using e-
train(3)s is provided in table 23 in appendix K. 

5.6.1.4 Malfunction split 
As can be seen in table 8 and the appendices B, C, D and E, the split heuristic has exactly the same 
results as the milk heuristic since the optimal amount of vehicles for the split heuristic was always the 
smallest amount of vehicles where the split did not occur, which results in exactly the same amount of 
vehicles as for the indirect delivery heuristic. This implies that however the idea of the split heuristic 
sounds great, the split occurs in most situations too late since it is only applied for routes that will cause 
downtimes if they are not split up in to single order routes. However, these single order routes are 
shorter and easier to schedule, in most situations these single order routes still cause downtimes. 

5.6.2 Service level 
A performance indicator that stands out is the service level; this is 100% at the simulation results of all 
of the options. We already expected this since a downtime of 13 seconds is already more expensive than 
adding another vehicle including driver to the fleet of vehicles. This implies that even for really short 
downtimes caused by material shortages the total costs are raising excessively. Therefore, it is for the 
car manufacturer more beneficial to add another vehicle to their fleet than risking a downtime that will 
cost them a lot of money. Therefore, we found for each option the minimal number of vehicles that 
“guarantees” no downtimes of the production line. 

5.6.3 Dedication scope 
Next, analyzing all the optimal results of the options in table 8 and the appendices I, J, K and L we 
noticed that dedicating the vehicles to a larger set of storage locations generally has a positive influence 
on the performance on the KPIs and especially on fleet size needed and the related costs. This suggests 
that it does not matter that vehicles spend more time on unloaded and thereby unproductive trips since 
on the other hand having the possibility to perform routes for other storage locations makes scheduling 
(solving the puzzle) easier since it brings more opportunities with it and results in higher occupancies of 
the vehicles. 
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5.6.4 Computation time 
Another important performance indicator is the computation time. Since we want to develop heuristics 
that can be used for real-time scheduling policies the computation time should be short enough to 
enable this. Although the computation times of our simulations are reasonably high for the indirect 
delivery (and split heuristic), as can be seen in table 9, the heuristics can still be suitable for real-time 
scheduling in real-life. It should be mentioned that the computation times of the split heuristics are not 
included in table 9 since they are similar to the ones of the indirect delivery heuristic. 

The real-life computation times of real-time schedules based on our heuristics will be considerably lower 
since in that case schedules will be created for just an hour in advance, which is the minimum capacity 
of the buffer between the paint shop and the FAS. So the final pearl chain or sequence of cars to be 
assembled is fixed an hour in advance. This implies that schedules and routes have to be created for just 
the number of replenishment orders related to the assembly of these cars which is clearly a much 
smaller set of replenishment orders than the sets related to 3 shifts of the simulations performed here. 
Moreover, we can see in table 9 that the computation time drops excessively when the set of 
replenishment orders decreases. Thereby, it should be mentioned that the computation times are round 
up and afterwards summed up which provides a wrong impression of the computation times of the 
direct delivery heuristic which are all within a minute. 

Vehicle type Dedicated to Direct delivery Indirect delivery 
Forklift All 2.00 N/A 
 Clusters 3.00 N/A 
 Storage locations 9.00 N/A 
E-train(4) All N/A 294.00 
 Clusters N/A 132.00 
 Storage locations N/A 32.00 
E-train(3) All N/A 447.00 
 Clusters N/A 113.00 
 Storage locations N/A N/A 

Table 9: Computation times 

All in all, we can state that the computation of a schedule for the set of replenishment orders of the next 
hour shall be ready within a couple of minutes. This should be short enough to provide real-time 
schedules to work with at VDL Nedcar, and certainly since there will be someone present at all times 
that is hired to supervise the scheduling data and maintain, update and/or revise the schedules and/or 
data if necessary. 

5.6.5 Exceptional cluster 785 
However, we can see an overall improvement of scheduling with our heuristics instead of the current 
supply method. When looking at the tables in de appendices B, C, D and E, scheduling with the heuristics 
does not outperform the currently used supply method in every situation. In case of cluster 785, the 
optimal amount of vehicles increased for every heuristic compared to the current goods supply method. 
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There are multiple possible reasons for this increase. One of these possible reasons is the fact that the 
average time of unloaded trips of cluster 785 is really high in comparison to the average time of 
unloaded trips of other sets of origins. In case of the direct delivery heuristic with vehicles dedicated to 
clusters the average time of unloaded trips are even higher than the average time of loaded trips. 
Together with the fact that in cluster 785 a lot of orders must be delivered relatively to the other 
clusters, it might be better to give every vehicle a specified set of tasks that must be performed by him 
within a small distance range of each other so the amount of time spent on unloaded trips decreases, as 
is the case at the current goods supply method. The negative effect of the on average long unloaded 
trips in this cluster are at the current goods supply method eliminated by making each driver responsible 
for a set of car components that are related to refill tasks within the cluster that must be performed in 
the same region of the production plant. Schedules built according to our heuristic are not setup like 
that. Instead, our heuristic says a vehicle should perform each route this vehicle is able to finish the 
execution of this route the earliest without considering the amount of time spent on an unloaded trip. 
Therefore, it might be that in such case our greedy heuristic performs worse since it focusses more on 
performing sub-problems optimal instead of focusing on optimally performing the complete problem. 

Another fact that might be a reason for this increase of vehicles to be used for cluster 785 is that a 
couple of car components like the seats, motors and gearboxes of the cars are here delivered not 
directly to the production line but to automated warehouses that sets off the right set of seats, motor 
and gearbox at a sub-production line when needed. Therefore, these automated warehouses do not 
have to be supplied within a short time span as the other car components that are delivered directly at 
the production line. Currently, each vehicle stocks in a lot of seats, motors and gearboxes after each 
other before it drives to another location to perform other task. This can also be a reason why the 
current goods supply method outperforms our heuristics at cluster 785 since there is currently less time 
wasted on unloaded trips and the occupancy of the vehicles is higher since they are not directly related 
to the strict time windows of the production line and can deliver more orders after each other at the 
automated warehouses.  

In contrast to cluster 785, a cluster like 770 where the refill rates are relatively lower and the loaded 
trips take longer since the distances are longer, our heuristics perform really well in comparison with the 
unstructured supply of goods that is currently used. At the current goods supply method, the vehicles do 
not have an automated control system; the drivers have to visually check whether one of their tasks 
needs to be performed. Since the car components are here located far away from each other the 
vehicles are currently driving a lot of non-productive meters through the factory to check whether the 
driver has to refill a car component or not. 

5.7 Results 
By building simulations using the heuristics explained in the previous chapter and analyzing their 
performances on the KPIs and other performance indicators we can make some interesting statements 
on the performance of the policies and relating heuristics we build under the circumstances of VDL 
Nedcar. 
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The goal to provide a real-time schedule of the replenishment orders at VDL Nedcar that is based on the 
sequence of the different kind of cars to be produced can be achieved with our heuristics. Since the 
sequence is known an hour in advance and the number of times the sequence of cars changes just 
happens sporadically at VDL Nedcar it is enough that the schedule can be updated at least every couple 
of minutes. Moreover, there will be someone present at VDL Nedcar at all times that will supervise the 
schedules and its data and can intervene whenever necessary to revise the data and/or the schedules.  

Moreover, VDL Nedcar can save a lot of money by implementing the direct delivery heuristic and the 
corresponding policy. As shown in table 8, the current goods supply method will cost VDL Nedcar; 
8,422,704, while the direct delivery heuristic without dedication of the vehicles to specific storage 
locations only costs; 6,144,910. This will lead to a saving of 2,277,794 euro in the 3-year timespan within 
which VDL Nedcar wants to earn back every investment. This comes down to a saving of almost 759,265 
per year which would be really worth considering the implementation of this heuristic and the 
corresponding IT related investments. This result is mainly caused by a decrease of 29.63% in manpower 
since when VDL Nedcar would be working more efficient by using our direct delivery heuristic a smaller 
delivery vehicle fleet size is required. 

The benefit could be even greater if the direct delivery method would be combined with the currently 
used goods supply method. As mentioned before, we found that generally each heuristic starts to 
perform better if the fleet of vehicles is dedicated to a bigger set of depots (origins). However, for some 
specific sets of refill tasks where the costs increased while using our heuristics since the length of the 
unloaded trips are too long and has too much influence on the performance of the schedule like in case 
of cluster 785, our heuristics performs worse than connecting a vehicle to a specific set of refill tasks as 
at the current goods supply method. Therefore, to perform best overall in the situation of our case 
study, VDL Nedcar should choose for the direct delivery heuristic without vehicles dedicated to specific 
sets of storage locations in combination with the current goods supply method for the sets of refill tasks 
for which the current method outperforms our heuristics. 

Next, we found that VDL Nedcar has to avoid downtimes at all cost. They have to aim at a service level 
of 100% since a downtime of 13 seconds is already more expensive than adding another vehicle 
including driver to the fleet of vehicles. This implies that even for really short downtimes caused by 
material shortages the total costs are raising excessively.  

Moreover, we found that a major reason for the fact that the indirect delivery and split heuristics did 
not perform well is that the time to switch a packing unit costs such a big part of the time of a loaded 
trip. Therefore, the advantage in time of a loaded trip per order of an indirect delivery, if it is even there, 
is not big enough to overcome the increased hardness of scheduling the longer routes that comes up 
with scheduling according to an indirect delivery policy instead of a direct delivery policy. In addition the 
time windows of combined routes are much smaller than the time windows of single order delivery 
routes since the time windows of these combined routes are based upon multiple orders. Furthermore, 
since the time windows are really small relative to the times of the routes it is already a hard job 
scheduling the routes over the fleet of vehicles even for the shorter routes of the direct delivery policy. 
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However, when VDL Nedcar would find a way to decrease the difference in switch times the indirect 
delivery method with e-train(3) would  become a serious option. We would choose for an e-train(3) in 
such situation since e-train(3) outperforms an e-train(4) as can be seen in table 8 caused by the fact that 
it can perform turns of 180 degrees. 

The final decision to dedicate or not dedicate vehicles to a cluster of storage locations or single storage 
locations, is also influenced by the current organization structure of VDL Nedcar where currently the 
vehicles and drivers are divided in clusters based on the geographical locations of the storage locations 
assigned to these clusters. Moreover, the decision will be affected when the situation is not expected to 
be stable when VDL Nedcar for example expects to excessively grow or slink. 
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6. Conclusions and discussion 

In this thesis, we have built heuristics for a multi-depot vehicle routing problem with time window and 
analyzed their performances by implementing these heuristics in a simulation tool for the goods supply 
problem of VDL Nedcar. The simulations provided us with some useful insights on the performances of 
the heuristics and the related policies which are mentioned in the next paragraph. Nevertheless, we 
were also confronted with some limitations of the research which are discussed in the last paragraph of 
this chapter. 

6.1 Conclusions 
The analysis of the simulations we performed gave us multiple insights in the performances of our 
heuristics. At first, the simulations showed us that the direct delivery policy outperforms the current 
goods supply method, indirect deliveries and the split heuristic in a situation with small time windows 
relative to the route times. The benefit of working with real-time direct delivery schedules results in a 
saving of 2,277,794 euro compared to the current goods supply method in the 3-year timespan within 
which VDL Nedcar wants to earn back every investment. This comes down to a saving of almost 759,265 
per year which would be really worth considering the implementation of this heuristic and the 
corresponding IT related investments.  

This result is mainly caused by a decrease of 29.63% in manpower since when VDL Nedcar would be 
working more efficiently by using our direct delivery heuristic a smaller delivery vehicle fleet size is 
required. The difference with the currently used supply method is especially caused by the saving on 
non-productive meters and thereby non-productive time. For the currently used supply method, the 
forklifts do not have an automated control system. Therefore, the forklift drivers have to visually check 
whether one of their tasks needs to be performed. This costs a lot of precious time since the forklift 
driver is driving a lot of non-productive meters through the factory checking whether he has to refill a 
car component or not. 

Further, the benefit of the direct delivery method over the other two heuristics is caused by the fact that 
it is hard to build schedules when the time windows are really small and that this scheduling problem 
becomes even harder when the route times increase and the time windows get smaller by setting up 
indirect delivery routes. A great opportunity for further research would be to find the trade-off points 
from which indirect deliveries perform better than direct deliveries. 

Furthermore, the simulations showed us that with a cost of downtime that is significantly higher than 
the costs of extra vehicles, as is the case at VDL Nedcar, the lowest number of vehicles with a service 
level of 100% at the simulation results provides the goods supply policy with lowest costs for every 
heuristic. Because of this high cost of downtimes, our split heuristic did not work at all. Our split 
heuristic minimizes the down times when down times are likely to occur, however, minimizing does not 
mean eliminating which needs to be done here with such high costs of downtimes as is the case at VDL 
Nedcar. 
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Next, the simulations showed us that there is a big difference in computation time between the direct 
delivery heuristic and the other two heuristics. This is caused by the computation time spend on 
searching for the orders that should be put together on a route. However, computation time decreases 
while continue splitting the set of replenishment orders to be scheduled based on clusters or single 
storage locations since then less combination options have to be looked at in order to find the best 
combination of orders to put on the route. This difference in computation time can affect the choice for 
a specific heuristic and policy when schedules must be setup for a big set of replenishment orders in a 
short time span. However, in case of VDL Nedcar our heuristics will be able to provide up-to-date 
schedules on time since in real-life they will only have to provide routes and schedules for at maximum 
an hour in advance. 

Lastly, we can say something about the setup of our heuristics in general. As mentioned before, our 
heuristics are built upon principles of greedy algorithms that try to find local optimal solutions instead of 
an overall optimal solution. Greedy algorithms search for local optima since optimally solving the whole 
problem would be too complex to solve in a reasonable amount of time. However, because we built 
greedy heuristics this also implies that there is always room for improvement. For example, we already 
made a set of indirect delivery routes, before we started scheduling them. In other words, we already 
made the pieces of the puzzle, the indirect delivery routes, before we started solving the puzzle or in 
other words building the schedule. This implies that it could be the case that we will find out while 
setting up the schedule that other puzzle pieces (or indirect delivery routes) would have better fitted in 
the schedule for the overall solution.  

6.2 Limitations and recommendations 
Although our research brought us some useful insights, we were also confronted with some limitations. 
The first one concerns the limitations related to our simulations: we only simulated routes and 
schedules for 3 shifts. As mentioned before, we decided to simulate 3 shifts since we are limited by the 
inconvenience of long computation times. Of course, simulating 3 shifts once provide some useful 
information. But to decide whether or not to invest 35000 euro in IT development, that is required to 
enable VDL Nedcar to work with real-time scheduled provided by these heuristics, is it desirable to 
perform the simulation of the 3 shifts more than once or to expand the time span of the simulations. 

Nevertheless, the main limitation of our research while looking at the bigger picture outside of VDL 
Nedcar, is that we tried to analyze the performance of our heuristic conducting a case study at a 
company with very specific company circumstances. The big difference in switching times of the vehicles 
available at VDL Nedcar causes a major benefit for the direct delivery heuristic over the other two 
heuristics. As shown during our analysis the indirect delivery heuristic would perform comparable to the 
direct delivery heuristic when the switching times were the same.  

Nonetheless, since the switching times are still very long in comparison to the travel times, the time 
advantage of indirect delivery routes over direct delivery routes is not that big and thus outperforms 
direct deliveries the indirect deliveries since they are easier to schedule. This ratio of the switch and 
travel times would be different for a MDVRPTW problem outside a production plant since the travel 
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times would be significantly longer in contrast to the switch times. In order to analyze the performance 
of the indirect delivery heuristic overall also situations like MDVRPTW problems of a bigger scale that 
consider trips performed by trucks between different warehouses or production plants should be 
considered.  

Another aspect of the circumstances at VDL Nedcar that has a major impact on the scope of possible 
solutions is the small timespan within which the orders should be delivered. Since at the storage 
locations we considered at VDL Nedcar mainly big car components with a high refill rate are stored that 
are stored at the production line according to a two-bin principle, these car components should be 
delivered within a small time window. This small time window decreases the number of orders that can 
be combined on routes. Furthermore, such small time windows make it harder to schedule all the routes 
on the vehicle of the fleet. The performances of our heuristic in a situation with larger time windows 
could be completely different and is therefore a great opportunity for further research. 

Moreover, the split heuristic did not work as planned since the costs of downtimes are so high at VDL 
Nedcar that the service level must be maximized in order to minimize the costs. This implies that the 
split heuristic which should minimize the total time of material shortages whenever they occur is not 
used at all. However, the split heuristic might perform well in a situation where the costs of material 
shortages are significantly lower in contrast to the other costs as they are at VDL Nedcar. 

All in all, the heuristics should be tested in multiple kinds of situations with different kind of 
circumstances to get a proper overall view of the performances of the heuristics since the performances 
of the heuristics depend on the circumstances. To test these heuristics in different kind of situations 
would be a great opportunity for further research on multi-depot vehicle routing problems with time 
windows. 

An aspect of the multi-depot vehicle routing problem with time windows that is left out of scope now 
but has a major influence on the performances of the heuristics and policies is the distribution of the car 
components over the storage locations. In order to setup an optimal distribution process also the 
distribution of the car components over the storage locations must be considered and included in the 
scope since this has a major impact on the distances to be travelled. At VDL Nedcar, they distribute the 
car components over the storage locations based on simple logic and observations which suggests there 
must be room for improvement. However, since this a complex problem on its own we chose to leave 
this out of scope.  



   62 

 

References 
Baker, E. K., & Schaffer, J. R. (1986). Solution improvement heuristics for the vehicle routing and 
scheduling problem with time window constraints. American Journal of Mathematical and Management 
Sciences, 6(3-4), 261-300. 

Baudin, M. (2005). Lean logistics: the nuts and bolts of delivering materials and goods. CRC Press. 

Baudin, M., & Bard, J. (2006). A Review of:“Lean Logistics: The Nuts and Bolts of Delivering Materials and 
Goods”. 

Van Belle, J., Valckenaers, P., & Cattrysse, D. (2012). Cross-docking: State of the art. Omega, 40(6), 827-
846. 

Boakye-Adjei, K., Thamma, R., & Kirby, E. D. (2014). Autonomation: the future of manufacturing. 
In Proceedings of the 2014 IAJC-ISAM International Conference, Orlando, Florida, ISBN (pp. 978-1). 

Bozer, Y. A., & Ciemnoczolowski, D. D. (2013). Performance evaluation of small-batch container delivery 
systems used in lean manufacturing–Part 1: system stability and distribution of container starts. 
International Journal of Production Research, 51(2), 555-567. 

Broadbent, A. J. (1987). Free-ranging agv and scheduling system. Automated guided vehicle systems, 43. 
301-309. 

Burinskiene, A. (2015). Optimising forklift activities in wide-aisle reference warehouse. International 
Journal of Simulation Modelling, 14(4), 621-632. 

Christofides, N. (1979). The vehicle routing problem. Combinatorial optimization. 

Christofides, N., & Eilon, S. (1969). An algorithm for the vehicle-dispatching problem. Journal of the 
Operational Research Society, 20(3), 309-318.  

Clarke, G., & Wright, J. W. (1964). Scheduling of vehicles from a central depot to a number of delivery 
points. Operations Research, 12(4), 568-581. 

Cormen, T. H., Leiserson, C. E., Rivest, R. L., & Stein, C. (2001). Introduction to algorithms second edition. 

Dantzig, G. B., & Ramser, J. H. (1959). The truck dispatching problem. Management Science, 6(1), 80-91. 

Desrochers, M., Desrosiers, J., & Solomon, M. (1992). A new optimization algorithm for the vehicle 
routing problem with time windows. Operations Research, 40(2), 342-354. 

Desrosiers, J., Sauvé, M., & Soumis, F. (1988). Lagrangian relaxation methods for solving the minimum 
fleet size multiple traveling salesman problem with time windows. Management Science, 34(8), 1005-
1022. 



   63 

 

Domingo, R., Alvarez, R., Melodía Peña, M., & Calvo, R. (2007). Materials flow improvement in a lean 
assembly line: a case study. Assembly Automation, 27(2), 141-147. 

Droste, M., & Deuse, J. (2012). A planning approach for in-plant milk run processes to optimize material 
provision in assembly systems. In Enabling Manufacturing Competitiveness and Economic 
Sustainability (pp. 604-610). Springer, Berlin, Heidelberg. 

Emde, S., & Boysen, N. (2012). Optimally routing and scheduling tow trains for JIT-supply of mixed-
model assembly lines. European Journal of Operational Research, 217(2), 287-299. 

Fliedner, M., Briskorn, D., & Boysen, N. (2016). Vehicle scheduling under the warehouse-on-wheels 
policy. Discrete Applied Mathematics, 205. 52-61. 

Gallego, G., & Simchi-Levi, D. (1990). On the effectiveness of direct shipping strategy for the one-
warehouse multi-retailer R-systems. Management Science, 36(2), 240-243. 

Hales, H.L., Andersen, B.J. (2001). Industrial engineering support for materials management. In: Zandin, 
K.B. (Ed.), Maynard’s Industrial Engineering Handbook. (pp. 10.3–**10.30). McGraw-Hill, New York. 

Irobi, S.I., Andersson, J. and Wall, A. (2001). Correctness criteria for models‘ validation–A philosophical 
perspective‖, Department of Computer Science and Computer Engineering (IDT), Malardalen University, 
Sweden. 

Joo, S. H., & WILHELM, W. E. (1993). A review of quantitative approaches in just-in-time 
manufacturing. Production Planning & Control, 4(3), 207-222. 

Kilic, H. S., Durmusoglu, M. B., & Baskak, M. (2012). Classification and modeling for in-plant milk-run 
distribution systems. The International Journal of Advanced Manufacturing Technology, 62(9-12), 1135-
1146. 

Kolen, A. W., Rinnooy Kan, A. H. G., & Trienekens, H. W. (1987). Vehicle routing with time 
windows. Operations Research, 35(2), 266-273. 

Van Landeghem, H. R. G. (1988). A bi-criteria heuristic for the vehicle routing problem with time 
windows. European Journal of Operational Research, 36(2), 217-226. 

Liker, J. K. (2004). The Toyota Way: 14 Management Principles from the World's Greatest Manufacturer 
McGraw-Hill Education. 

Marchwinski, C. (2009). Following four steps to a lean materialhandling system leads to a leap in 
performance. Retrieved from http://www.lean.org 

Michael, J. B., Drusinsky, D., Otani, T. W., & Shing, M. T. (2011). Verification and validation for 
trustworthy software systems. IEEE software, 28(6), 86-92. 



   64 

 

Michael, M., & Claudia, N. (2009). A Report on the Current Event on the WMS Market. WMS Market 
Overview. 

Mole, R. H., & Jameson, S. R. (1976). A sequential route-building algorithm employing a generalised 
savings criterion. Journal of the Operational Research Society, 27(2), 503-511. 

Monden, Y. (2011). Toyota production system: an integrated approach to just-in-time. CRC Press. 

Ohno, T. (1978). Toyota seisan hoshiki. Diamond Inc., Tokyo (Original Japanese Edition), English 
translation:(1988) Toyota production system: beyond large-scale production. 

Patton Jr., J.D., 1986. Logistics Technology and Management. The Solomon Press, New York. 

Potvin, J. Y., & Rousseau, J. M. (1993). A parallel route building algorithm for the vehicle routing and 
scheduling problem with time windows. European Journal of Operational Research, 66(3), 331-340. 

Reeves, C. R. (1995). Modern heuristic techniques for combinatorial problems. Advanced topics in 
computer science. Mc Graw-Hill. 

Ricoh Express (2009). Introducing Milk Run Method for Parts Collection to Optimize Logistics. 

Reis, L., Varela, M. L. R., Machado, J. M., & Trojanowska, J. (2016). Application of lean approaches and 
techniques in an automotive company. Romanian Review Precision Mechanics, Optics & Mechatronics, 
(50), 112. 

El-Sherbeny, N. A. (2010). Vehicle routing with time windows: An overview of exact, heuristic and 
metaheuristic methods. Journal of King Saud University-Science, 22(3), 123-131. 

Solomon, M. M. (1987). Algorithms for the vehicle routing and scheduling problems with time window 
constraints. Operations research, 35(2), 254-265. 

Sugimori, Y., Kusunoki, K., Cho, F., & Uchikawa, S. (1977). Toyota production system and kanban system 
materialization of just-in-time and respect-for-human system. The International Journal of Production 
Research, 15(6), 553-564. 

Takeda, H. (2006). The synchronized production system: going beyond just-in-time through kaizen. 
Kogan Page Publishers. 

VDL Nedcar. (2018) Retrieved from http://www.vdlnedcar.nl/?page/4842402/Profile.aspx 

Vivaldini, K. C., Galdames, J. P., Bueno, T. S., Araújo, R. C., Sobral, R. M., Becker, M., & Caurin, G. A. 
(2010. March). Robotic forklifts for intelligent warehouses: Routing, path planning, and auto-localization. 
In Industrial Technology (ICIT), 2010 IEEE International Conference on (pp. 1463-1468). IEEE. 



   65 

 

Werner, S., Kellner, M., Schenk, E., & Weigert, G. (2003). Just-in-sequence material supply—a simulation 
based solution in electronics production. Robotics and Computer-Integrated Manufacturing, 19(1-2), 
107-111. 

  



   66 

 

Appendix A 

Variables 
1. 𝐴𝐴𝑣𝑣: The time vehicle 𝑣𝑣 will be available to execute a route. 
2. 𝐵𝐵𝑘𝑘: Begin or start location of route 𝑘𝑘 which is  𝐻𝐻𝑖𝑖 where replenishment order 𝐸𝐸 is the first 

replenishment order in sequence 𝐶𝐶𝑘𝑘. 

3. 𝐶𝐶𝑖𝑖: Location of the customer of replenishment order 𝐸𝐸. 
4. 𝐻𝐻𝑖𝑖: Location of the depot of replenishment order 𝐸𝐸.  
5. 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 𝐶𝐶𝑖𝑖 𝑡𝑡ℎ𝐸𝐸 𝑝𝑝𝐸𝐸𝐶𝐶𝑢𝑢𝑂𝑂𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷 𝐸𝐸𝐸𝐸𝐷𝐷𝐸𝐸 = 𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑘𝑘𝑣𝑣𝑡𝑡 − 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡: The time of the downtime 

of the production line caused by a material shortage due to the unavailability of any vehicle 𝑣𝑣 of 
vehicle type 𝑡𝑡 of the fleet to execute route 𝑘𝑘 on time. 

6. 𝐸𝐸𝑘𝑘: End location of route 𝑘𝑘 which is  𝐻𝐻𝑖𝑖 where replenishment order 𝐸𝐸 is the last replenishment 
order in sequence 𝐶𝐶𝑘𝑘. 

7. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖: The earliest moment replenishment order 𝐸𝐸 can be delivered at its destination. 
8. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡: The earliest moment route 𝑘𝑘 can start without arriving too early at one of the 

destinations using a vehicle of vehicle type 𝑡𝑡. 
9. 𝐹𝐹𝑡𝑡: Set of vehicles of vehicle type 𝑡𝑡. 
10. 𝐻𝐻𝐻𝐻𝑡𝑡: The handling time to drop off the packing unit using vehicle type 𝑡𝑡.  
11. 𝐻𝐻𝐻𝐻𝑡𝑡: The handling time to pick up a packing unit using vehicle type 𝑡𝑡. 
12. 𝐿𝐿𝑘𝑘,𝑡𝑡  = 𝑅𝑅𝑘𝑘,𝑡𝑡 + (𝐻𝐻𝐻𝐻𝑡𝑡 + 𝐻𝐻𝐻𝐻𝑡𝑡) ∗ 𝑁𝑁𝑘𝑘  : Time of route (loaded trip) 𝑘𝑘 using a vehicle of vehicle type 𝑡𝑡. 
13. 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖: The latest moment replenishment order 𝐸𝐸 can be delivered at its destination 

without causing downtime.  
14. 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡: The latest moment route 𝑘𝑘 can start without causing downtime by arriving too 

late at one of the destinations using a vehicle of vehicle type 𝑡𝑡. 
15. 𝑁𝑁𝑘𝑘: Amount of packing units scheduled on route 𝑘𝑘. 
16. 𝐶𝐶𝑘𝑘: The sequence of the replenishment orders on route 𝑘𝑘 (when a replenishment order is 

added, this order is added at the end of the sequence). 
17. 𝐻𝐻𝑡𝑡: The maximum amount of packing units a vehicle of vehicle type 𝑡𝑡 can carry. 
18. 𝑄𝑄𝑣𝑣: Current location of vehicle 𝑣𝑣. 
19. 𝑅𝑅𝑘𝑘𝑡𝑡: The set of travel times (𝐼𝐼𝑚𝑚,𝑛𝑛,𝑡𝑡) of route 𝑘𝑘 using a vehicle of vehicle type 𝑡𝑡 whereby 𝐷𝐷 and 𝐷𝐷 

are 2 destinations that are planned after each other on route k. In case of a direct delivery, a 
vehicle starts at the depot and just has to visit the customer location to deliver the full packing 
unit and return back to the depot to drop-off the empty reusable packing unit that it picked up 
at the customer location.  
This results in the following setup of 𝑅𝑅𝑘𝑘𝑡𝑡, for route 𝑘𝑘 and vehicle type 𝑡𝑡 and replenishment 
order 𝐸𝐸 scheduled on this route;  𝑅𝑅𝑘𝑘𝑡𝑡 = 𝐼𝐼𝐷𝐷𝑎𝑎,𝐶𝐶𝑎𝑎,𝑡𝑡 + 𝐼𝐼𝐶𝐶𝑎𝑎,𝐷𝐷𝑎𝑎,𝑡𝑡 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐶𝐶𝑘𝑘 = {𝐸𝐸}. 

20. 𝐼𝐼𝑚𝑚,𝑛𝑛,𝑡𝑡: The travel time from location 𝐷𝐷 to location 𝐷𝐷 using vehicle type 𝑡𝑡. 
21. 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡 =  𝐼𝐼𝑄𝑄𝑣𝑣,𝐵𝐵𝑘𝑘: Time of the unloaded trip performed by vehicle 𝑣𝑣 of vehicle type 𝑡𝑡 to get from 

its current location (𝑄𝑄𝑣𝑣) to get to the start location of route 𝑘𝑘 (𝐵𝐵𝑘𝑘). 
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Turn ability 
A special variable that has a lot of influence on other variables is the variable related to the ability of the 
chosen vehicle type to turn around 180 degree: 

22. 𝐼𝐼𝑈𝑈𝑡𝑡: Depending on the vehicle type 𝑡𝑡 this variable has the value 1 or 0. 1 is chosen when the 
vehicle type is not able to turn around 180 degrees and 0 stands for the ability to turn around 
180 degrees.  

When the chosen vehicle type cannot turn around 180 degrees (𝐼𝐼𝑈𝑈𝑡𝑡 = 0) the direction of the vehicles 
have to be tracked. Therefore, extra variables, that indicate the current direction of the vehicle, are 
added to the locations where the vehicles can be. How the variables are changed after the addition of 
these variables to existing variables is described below. 

IF 𝐼𝐼𝑈𝑈𝑡𝑡 = 0 THEN this results in the following modifications: 

23. 𝐻𝐻𝑖𝑖,𝑜𝑜𝑖𝑖: This variable is used when the location of the depot of order 𝐸𝐸 and the direction 𝑢𝑢𝐸𝐸 of a 
vehicle at this location are both required. 

24. 𝐶𝐶𝑖𝑖,𝑜𝑜𝑖𝑖: This variable is used when the location of the customer of order 𝐸𝐸 and the direction 𝑢𝑢𝐸𝐸 of a 
vehicle at this location are both required. 

25. 𝐿𝐿𝑘𝑘,𝑡𝑡 = min�𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸: Here, 𝑢𝑢𝐸𝐸 indicates the start direction at the start 
location of the route. Based on this start direction the routes differ and the shortest route has to 
be chosen. 

26. 𝑅𝑅𝑘𝑘,𝑡𝑡 = min�𝑅𝑅𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. Here, 𝑢𝑢𝐸𝐸 indicates the start direction at the start 
location of the route. Based on this start direction the routes differ and the shortest route has to 
be chosen. 

27. 𝐼𝐼𝑚𝑚𝑑𝑑𝑑𝑑1,𝑛𝑛𝑑𝑑𝑑𝑑2,𝑡𝑡: The travel time from location 𝐷𝐷 to location 𝐷𝐷 using a vehicle type 𝑡𝑡 that cannot 
turnaround 180 degrees, starting at location 𝐷𝐷 in direction 𝑢𝑢𝐸𝐸1 and ending at location 𝐷𝐷 in 
direction 𝑢𝑢𝐸𝐸2. 

In order to calculate the travel times between locations we have to track the directions. A vehicle that 
cannot turn around 180 degrees cannot choose to continue his way in an opposite direction of its last 
direction taken. So when looking at figure 6, a vehicle that cannot perform a turn of 180 degrees and 
that arrives at a location in direction 1 cannot leave that location in direction 3. 
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1

2

3

4  
Figure 6: Directions 

Based on these directions, there exist 4 different travel time matrices for vehicle type 𝑡𝑡 IF 𝐼𝐼𝑈𝑈𝑡𝑡 = 0, one 
for each starting direction at its start location. Based on the direction at the start location a different 
route has to be taken to get at the same end location as fast as possible. The directions are provided by 
the set of directions (𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 = {1,2,3,4}) that includes the numbers 1,2,3 and 4 which stands for 
the directions on the map as illustrated in figure 6. All these 4 travel time matrices are used as input for 
the indirect delivery heuristic using a fleet of vehicles of vehicle type 2. In case a start direction cannot 
be chosen in a certain start location this start location has no value in the travel time matrix of this start 
direction. 
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Appendix B 

Direct delivery heuristic example 
Here, the direct delivery heuristic will be explained based on an example. Here, we are going to solve an 
example of a routing problem with the direct delivery heuristic we built. In order to provide a proper 
view on this problem, the figure below shows a map of the assembly lines in the manufacturing plant of 
the direct delivery example including the locations of the depots and customers. All of these customers 
order replenishment orders of exactly 1 packing unit of a specific product at 1 of the depots. Such 
replenishment order must be delivered within a certain time window by one of the vehicles of the fleet 
that we have at our disposal without causing a downtime. 
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Figure 7: Overview of the map of the example problem 

The problem will be solved using the direct delivery heuristic, this heuristic has a pre-defined sequence 
of the calculation steps it takes, shown below in figure 8. Based on decisions made at the diamonds, 
certain steps are taken after each other. However, before the first step (Step 1) will be performed a 
certain input should be provided and some variables need to be initialized. 

Step 1 Step 2 Step 3 Step 4

End
 

Figure 8: Sequence steps direct delivery heuristic 

Input:  
- Set of replenishment orders each with an earliest due date (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖) and latest due date 

(𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖): {𝐴𝐴,𝐵𝐵,𝐶𝐶,𝐻𝐻,𝐸𝐸}. 
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This set is illustrated in the picture below, each box stands for the time windows in minutes within which 
the related replenishment order should be delivered at its destination without causing a downtime. 
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Figure 9: Overview of unranked list of time windows of the replenishment orders 

These replenishment orders are all going to be scheduled on a vehicle which is going to actually picking 
up the order at the depot and deliver the order at its destination. We have a limited set of vehicles of 
one predetermined vehicle type available. The vehicle type determines whether a vehicle is able to turn 
around 180 degrees or not (𝐼𝐼𝑈𝑈𝑡𝑡 for vehicle type 𝑡𝑡). Further, based on the vehicle type the capacity of 
the vehicles must be initialized. Next, the current location of each vehicle of the fleet must be set. At 
last, the current locations and the times available of the vehicles are provided. 

- Set of vehicles (𝐹𝐹1) all of vehicle type 1: {1,2} with 𝐼𝐼𝑈𝑈1 = 1. 
- 𝐻𝐻1 = 1. 
- 𝑄𝑄1 = 𝐻𝐻𝐴𝐴, 𝑄𝑄2 = 𝐻𝐻𝐵𝐵. 
- 𝐴𝐴1 = 0,𝐴𝐴2 = 0 

Based on the vehicle type and ability to turn around 180 degrees or not a travel time matrix is provided 
that gives the travel times between all the relevant locations in scope. At last, the handling times to 
pick-up and drop off a packing unit with the chosen vehicles types are used as input. 

- Travel time matrix related to vehicle type 1 with 𝐼𝐼𝑈𝑈1 = 1 which provides the travel times in 
minutes: 
 

From\To 𝑫𝑫𝑨𝑨 𝑫𝑫𝑩𝑩 𝑫𝑫𝑪𝑪 𝑫𝑫𝑫𝑫 𝑫𝑫𝑬𝑬 𝑪𝑪𝑨𝑨 𝑪𝑪𝑩𝑩 𝑪𝑪𝑪𝑪 𝑪𝑪𝑫𝑫 𝑪𝑪𝑬𝑬 
𝑫𝑫𝑨𝑨 0 2 4 6 8 2 4 6 8 10 
𝑫𝑫𝑩𝑩  0 2 4 6 4 2 4 6 8 
𝑫𝑫𝑪𝑪   0 2 4 6 4 2 4 6 
𝑫𝑫𝑫𝑫    0 2 8 6 4 2 4 
𝑫𝑫𝑬𝑬     0 10 8 6 4 2 
𝑪𝑪𝑨𝑨      0 2 4 6 8 
𝑪𝑪𝑩𝑩       0 2 4 6 
𝑪𝑪𝑪𝑪        0 2 4 
𝑪𝑪𝑫𝑫         0 2 
𝑪𝑪𝑬𝑬          0 

Table 10: Travel time matrix vehicle type 1 
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Handling times related to vehicle type 1. 
 

Handling Time (min) 
Pick-up (𝑯𝑯𝑯𝑯𝑺𝑺) 0,5 
Drop off (𝑯𝑯𝑫𝑫𝑺𝑺) 0,5 
Table 11: Handling times vehicle type 1 

Step 1(1): 
- Rank the set of replenishment orders based upon their 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  from the earliest to the 

latest, this ranked set will be called the list of unscheduled orders, assign a number 𝑘𝑘 to them 
based on the place in the order starting with 𝑘𝑘 = 1 for the first in sequence, the next one will be 
𝑘𝑘 = 𝑘𝑘 + 1. 
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Figure 10: Overview of the ranked list of the time window of the unscheduled orders (1) 

Adjusted the current locations and the travel time matrix using vehicle type 1 based on the ranking and 
the numbers assigned to them: 
 

From\To 𝑫𝑫𝑺𝑺 𝑫𝑫𝟐𝟐 𝑫𝑫𝟑𝟑 𝑫𝑫𝟒𝟒 𝑫𝑫𝟓𝟓 𝑪𝑪𝑺𝑺 𝑪𝑪𝟐𝟐 𝑪𝑪𝟑𝟑 𝑪𝑪𝟒𝟒 𝑪𝑪𝟓𝟓 
𝑫𝑫𝑺𝑺  0 2 2 4 4 2 4 4 6 6 
𝑫𝑫𝟐𝟐  0 4 6 2 4 2 6 8 4 
𝑫𝑫𝟑𝟑   0 2 6 4 6 2 4 8 
𝑫𝑫𝟒𝟒    0 8 6 8 4 2 10 
𝑫𝑫𝟓𝟓     0 6 4 8 10 2 
𝑪𝑪𝑺𝑺      0 2 2 4 4 
𝑪𝑪𝟐𝟐       0 4 6 2 
𝑪𝑪𝟑𝟑        0 2 6 
𝑪𝑪𝟒𝟒         0 8 
𝑪𝑪𝟓𝟓          0 

Table 12 

- 𝑄𝑄1 = 𝐻𝐻4, 𝑄𝑄2 = 𝐻𝐻3 
- Go to step 2. 
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Step 2(1): 
IF the list of unscheduled orders is not empty yet. 
→THEN 

o Select the first unscheduled order of the list; replenishment order: 1(𝐶𝐶𝐸𝐸𝑢𝑢 𝐶𝐶). 
o Go to step 3. 

ELSE  
o STOP. 

Step 3(1): 
- Create a route that is called route 1 with 𝐶𝐶1 = {1}. 
- 𝐿𝐿1,1 =  𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐷𝐷1,𝐶𝐶1,1 + 𝐻𝐻𝐻𝐻1 +  𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐶𝐶1,𝐷𝐷1,1 + 𝐻𝐻𝐻𝐻1 = 0,5 + 2 + 0,5 + 0,5 + 2 + 0,5 = 6. 
- 𝐵𝐵1 = 𝐻𝐻1 
- 𝐸𝐸1 = 𝐻𝐻1 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷1,𝐶𝐶1,1 − 𝐻𝐻𝐻𝐻1 = 4 − 0,5− 2 − 0,5 = 1  
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1 − 𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷1,𝐶𝐶1,1 −  𝐻𝐻𝐻𝐻1 = 20 − 0,5 − 2 − 0,5 = 17. 
- 𝑁𝑁1 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 + 𝑈𝑈1,𝑣𝑣,1: 
𝐴𝐴1 + 𝑈𝑈1,1,1 = 0 + 4 = 4 

𝐴𝐴2 + 𝑈𝑈1,2,1 = 0 + 2 = 2 

 
When considering the map shown before, these calculations can be depicted as shown in figure 11 
below. Here, the arrows indicate the current location of vehicle 1 and 2 and the lines show the 
following; line 1:𝐼𝐼𝐷𝐷1,𝐶𝐶1,1, line 2:𝐼𝐼𝐶𝐶1,𝐷𝐷1,1, line 3:𝑈𝑈1,2,1 and line 4: 𝑈𝑈1,2,1. 
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Figure 11: Illustration of the situation while scheduling order 1 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈1,𝑣𝑣,1 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1 AND 𝑁𝑁1 ≤ 𝐻𝐻1: 
𝐴𝐴1 + 𝑈𝑈1,1,1 = 4 ≤ 17 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1 AND 𝑁𝑁1 = 1 ≤ 1 = 𝐻𝐻1  
→THEN  

o Schedule the order on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 + 𝑈𝑈1,𝑣𝑣,1 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈1,𝑣𝑣,1,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1):  
𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈1,2,1 = 2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,1 = 1) = 2 
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o Remove order 1 from the list with unscheduled orders 
o 𝑄𝑄2 = 𝐻𝐻1 
o 𝐴𝐴2 = 𝐴𝐴2 + 𝑈𝑈1,2,1 + 𝐿𝐿1,1 = 0 + 2 + 6 = 8. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 2(2): 
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Figure 12: Overview of ranked list of unscheduled orders (2) 

- IF the list of unscheduled orders is not empty yet. 
→THEN 

o Select the first unscheduled order of the list; replenishment order 2(𝐶𝐶𝐸𝐸𝑢𝑢 𝐻𝐻). 
o Go to step 3.  

ELSE  
o STOP. 

Step 3(2): 
- Create a route that is called route 2 with 𝐶𝐶3 = {2}  
- 𝐿𝐿2,1 =  𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐷𝐷2,𝐶𝐶2,1 + 𝐻𝐻𝐻𝐻1 + 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐶𝐶2,𝐷𝐷2,1 + 𝐻𝐻𝐻𝐻1 = 0,5 +  2 + 0,5 + 0,5 + 2 + 0,5 = 6.  
- 𝐵𝐵2 = 𝐻𝐻2 
- 𝐸𝐸2 = 𝐻𝐻2 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷2,𝐶𝐶2,1 −  𝐻𝐻𝐻𝐻1 = 16 − 0,5− 2 − 0,5 = 13  
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷2,𝐶𝐶2,1 −  𝐻𝐻𝐻𝐻1 = 24 − 0,5− 2 − 0,5 = 21. 
- 𝑁𝑁2 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,1: 
𝐴𝐴1 + 𝑈𝑈2,1,1 = 0 + 6 = 6 

𝐴𝐴2 + 𝑈𝑈2,2,1 = 8 + 2 = 10 

 
Here a similar process is followed as shown in figure 11. 
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- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,1 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 AND 𝑁𝑁2 ≤ 𝐻𝐻1: 

𝐴𝐴1 + 𝑈𝑈2,1,1 = 6 ≤ 21 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 AND 𝑁𝑁2 = 1 ≤ 1 = 𝐻𝐻1  
→THEN  

o Schedule the order on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 + 𝑈𝑈2,𝑣𝑣,1 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,1,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1):  
𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴1 +  𝑈𝑈2,1,1 = 6,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 = 13) = 13 

o Remove order 2 from the list with unscheduled orders 
o 𝑄𝑄1 = 𝐻𝐻2 
o 𝐴𝐴1 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴1 +  𝑈𝑈2,1,1 = 6,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,1 = 13) + 𝐿𝐿2,1 = 13 + 6 = 19. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 2(3): 

3(B)

4(A)

5(E)

Time

0 10 20 30 40

 
Figure 13: Overview of ranked list of unscheduled orders (3) 

IF the list of unscheduled orders is not empty yet. 
→THEN 

o Select the first unscheduled order of the list; replenishment order 3(𝐶𝐶𝐸𝐸𝑢𝑢 𝐵𝐵). 
o Go to step 3. 

ELSE  
o STOP. 

Step 3(3): 
- Create a route that is called route 3 with 𝐶𝐶3 = {3}  
- 𝐿𝐿3,1 = 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐷𝐷3,𝐶𝐶3 + 𝐻𝐻𝐻𝐻1 + 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐶𝐶3,𝐷𝐷3 + 𝐻𝐻𝐻𝐻1 = 0,5 + 2 + 0,5 + 0,5 + 2 + 0,5 = 6. 
- 𝐵𝐵3 = 𝐻𝐻3 
- 𝐸𝐸3 = 𝐻𝐻3 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷3,𝐶𝐶3 −  𝐻𝐻𝐻𝐻1 = 11 − 0,5 − 2 − 0,5 = 8. 
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷3,𝐶𝐶3 −  𝐻𝐻𝐻𝐻1 = 29 − 0,5 − 2 − 0,5 = 26. 
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- 𝑁𝑁3 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 +  𝑈𝑈3𝑣𝑣: 
𝐴𝐴1 + 𝑈𝑈3,1,1 = 19 + 4 = 23 

𝐴𝐴2 + 𝑈𝑈3,2,1 = 8 + 2 = 10 
 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈3,𝑣𝑣,1 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 AND 𝑁𝑁3 ≤ 𝐻𝐻1: 
𝐴𝐴1 + 𝑈𝑈3,1,1 = 23 ≤ 26 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 AND 𝑁𝑁3 = 1 ≤ 1 = 𝐻𝐻1  
→THEN  

o Schedule the order on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 + 𝑈𝑈3,𝑣𝑣,1 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈3,𝑣𝑣,1,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1):  
𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈3,2,1 = 10,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 = 8) = 10 

o Remove order 3 from the list with unscheduled orders 
o 𝑄𝑄2 = 𝐻𝐻3 
o 𝐴𝐴2 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈3,2,1 = 10,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,1 = 8) + 𝐿𝐿3,1 = 10 + 6 = 16. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 2(4): 

4(A)

5(E)

Time
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Figure 14: Overview of ranked list of unscheduled orders (4) 

IF the list of unscheduled orders is not empty yet. 
→THEN 

o Select the first unscheduled order of the list; replenishment order 4(𝐶𝐶𝐸𝐸𝑢𝑢 𝐴𝐴). 
o Go to step 3. 

ELSE  
o STOP. 

Step 3(4): 
- Create a route that is called route 4 with 𝐶𝐶4 = {4}  
- 𝐿𝐿4,1 = 𝐻𝐻𝐻𝐻1 +  𝐼𝐼𝐷𝐷4,𝐶𝐶4 +𝐻𝐻𝐻𝐻1 + 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐶𝐶4,𝐷𝐷4 + 𝐻𝐻𝐻𝐻1 = 0,5 + 2 + 0,5 + 0,5 + 2 + 0,5 = 6. 
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- 𝐵𝐵4 = 𝐻𝐻4 
- 𝐸𝐸4 = 𝐻𝐻4 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷4,𝐶𝐶4 −  𝐻𝐻𝐻𝐻1 = 18 − 0,5 − 2 − 0,5 = 15. 
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷4,𝐶𝐶4 −  𝐻𝐻𝐻𝐻1 = 31 − 0,5 − 2 − 0,5 = 28. 
- 𝑁𝑁4 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 +  𝑈𝑈4,𝑣𝑣,1: 
𝐴𝐴1 + 𝑈𝑈4,1,1 = 19 + 6 = 25 

𝐴𝐴2 + 𝑈𝑈4,2,1 = 16 + 2 = 18 
 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈4,𝑣𝑣,1 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 AND 𝑁𝑁4 ≤ 𝐻𝐻1: 
𝐴𝐴1 + 𝑈𝑈4,1,1 = 25 ≤ 28 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 AND 𝑁𝑁4 = 1 ≤ 1 = 𝐻𝐻1  
→THEN  

o Schedule the order on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 + 𝑈𝑈4,𝑣𝑣,1 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈4,𝑣𝑣,1,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1):  
𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈4,2 = 18,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 = 15) = 18 

o Remove order 4 from the list with unscheduled orders 
o 𝑄𝑄2 = 𝐻𝐻4 
o 𝐴𝐴2 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈4,2 = 18,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 = 15) + 𝐿𝐿4,1 = 18 + 6 = 24. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 2(5): 

5(E)

Time

0 10 20 30 40

 
Figure 15: Overview of ranked list of unscheduled orders (5) 

- IF the list of unscheduled orders is not empty yet. 

→THEN  
o Select the first unscheduled order of the list; replenishment order 5 (𝐶𝐶𝐸𝐸𝑢𝑢 𝐸𝐸). 
o Go to step 3.  

ELSE  
o STOP. 
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Step 3(5): 
- Create a route that is called route 5 with 𝐶𝐶5 = {5}. 
- 𝐿𝐿5,1 = 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐷𝐷5,𝐶𝐶5 + 𝐻𝐻𝐻𝐻1 + 𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐶𝐶5,𝐷𝐷5 + 𝐻𝐻𝐻𝐻1 = 0,5 + 2 + 0,5 + 0,5 + 2 + 0,5 = 6. 
- 𝐵𝐵5 = 𝐻𝐻5 
- 𝐸𝐸5 = 𝐻𝐻5 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷5,𝐶𝐶5 −  𝐻𝐻𝐻𝐻1 = 28 − 0,5 − 2 − 0,5 = 25. 
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5 −  𝐻𝐻𝐻𝐻1 − 𝐼𝐼𝐷𝐷5,𝐶𝐶5 −  𝐻𝐻𝐻𝐻1 = 36 − 0,5 − 2 − 0,5 = 33. 
- 𝑁𝑁5 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 +  𝑈𝑈5𝑣𝑣: 
𝐴𝐴1 + 𝑈𝑈4,1,1 = 19 + 2 = 21 

𝐴𝐴2 + 𝑈𝑈4,2,1 = 24 + 8 = 32 
 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈5,𝑣𝑣,1 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 4,1 AND 𝑁𝑁5 ≤ 𝐻𝐻1: 
𝐴𝐴1 + 𝑈𝑈5,1,1 = 21 ≤ 33 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1 AND 𝑁𝑁5 = 1 ≤ 1 = 𝐻𝐻1  
→THEN  

o Schedule the order on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 + 𝑈𝑈5𝑣𝑣  with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈5,𝑣𝑣,1,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1):  
𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴1 +  𝑈𝑈5,1,1 = 21,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1 = 25) = 25 

o Remove order 5 from the list with unscheduled orders 
o 𝑄𝑄1 = 𝐻𝐻5 
o 𝐴𝐴1 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴1 +  𝑈𝑈5,1,1 = 21,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 5,1 = 25) + 𝐿𝐿5,1 = 25 + 6 = 31. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 2(6): 
IF the list of unscheduled orders is not empty yet. 
THEN 

o Select the first unscheduled order of the list. 
o Go to step 3. 

→ELSE 
o STOP. 

Finally we got a schedule as shown in figure 16 below. Here is shown which vehicle executes which 
unloaded- and loaded trips and when. 
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Time
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Vehicle 1

Vehicle 2
 

Figure 16: The schedule of the routes created by the direct delivery heuristic 

 
  



   79 

 

Appendix C 

Direct delivery heuristic 
Here, the direct delivery heuristic is provided in its pure form without example values. This heuristic can 
be used for any MDVRPTW problem of which the required input that is mentioned below, is available. 
 

Step 1 Step 2 Step 3 Step 4

End
 

Figure 17: Sequence steps direct delivery heuristic 

Input:  
- Set of replenishment orders with each an earliest due date and latest due date. 
- Set of vehicles (𝐹𝐹𝑡𝑡) all of type 𝑡𝑡 and corresponding 𝐼𝐼𝑈𝑈𝑡𝑡. 
- Set 𝐻𝐻𝑡𝑡 at the capacity of the chosen vehicle type 𝑡𝑡. 
- Travel matrices related to type 𝑡𝑡. 
- Handling times related to type 𝑡𝑡. 
- Set current locations of all the vehicles of the fleet. 
- Set times available of all the vehicles of the fleet at 0. 
- 𝐸𝐸 = 0. 
- 𝑘𝑘 = 0. 

Step 1: 
- Rank the set of replenishment orders based upon their latest due dates from the earliest to the 

latest, this ranked set will be called the list of unscheduled orders. 
- Go to step 2. 

Step 2: 
IF the list of unscheduled orders is not empty yet. 
THEN 

o 𝐸𝐸 = 𝐸𝐸 + 1. 
o Select the first unscheduled order of the list, which is called from now on replenishment 

order 𝐸𝐸. 
o Go to step 3. 

ELSE  
o STOP. 
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Step 3: 
- 𝑘𝑘 = 𝑘𝑘 + 1. 
- Create a route that is called route 𝑘𝑘 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐶𝐶𝑘𝑘 = {𝐸𝐸}  
- Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
- 𝑁𝑁𝑘𝑘 = 1 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹;  

o Calculate 𝐴𝐴𝑣𝑣, 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡, 𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡 
- IF there is at least one vehicle available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 AND 𝑁𝑁𝑘𝑘 ≤ 𝐻𝐻𝑡𝑡. 

THEN  
o Schedule the order on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡  with the start of the 

route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡 ,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡). 
o Remove order 𝐸𝐸 from the list with unscheduled orders 
o 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑘𝑘 
o 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡)  + 𝐿𝐿𝑘𝑘,𝑡𝑡. 
o Go back to step 2.  

ELSE  
o Go to step 4. 

Step 4: 
- Schedule the order on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡  AND 𝑁𝑁𝑘𝑘 ≤ 𝐻𝐻𝑡𝑡 . 
- 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑘𝑘  
- 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡) + 𝐿𝐿𝑘𝑘,𝑡𝑡  

- Calculate the total time of the downtime; 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 = 𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑘𝑘,𝑣𝑣,𝑡𝑡 − 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡.  
- Go back to step 2. 
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Appendix D 

Extra variables indirect deliveries 
1. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 = max�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐸𝐸 ∈ 𝐶𝐶𝑘𝑘: The earliest moment route 𝑘𝑘 can start 

without arriving too early at one of the destinations 𝐸𝐸 using a vehicle of vehicle type 𝑡𝑡. Since 
combined routes include multiple orders their earliest is based on the earliests of all the orders 𝐸𝐸 
on route 𝑘𝑘. The order that has the latest earliest due date, let’s say order 𝑂𝑂, defines the earliest 
of the complete route since when starting earlier than the earliest of 
𝑂𝑂 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦,𝑘𝑘,𝑡𝑡 = max�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐸𝐸 ∈ 𝐶𝐶𝑘𝑘) the vehicle will arrive too early at 
least at the destination of this order 𝑂𝑂. 

2. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡: The earliest moment route 𝑘𝑘 can start without arriving too early at 
destination 𝐸𝐸 using a vehicle of vehicle type 𝑡𝑡. 

3. 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 = min�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐸𝐸 ∈ 𝐶𝐶𝑘𝑘: The latest moment route 𝑘𝑘 can start 
without arriving too early at one of the destinations 𝐸𝐸 using a vehicle of vehicle type 𝑡𝑡. Since 
combined routes include multiple orders their latest is based on the latests of all the orders 𝐸𝐸 on 
route 𝑘𝑘. The order that has the earliest latest due date, let’s say order 𝑂𝑂, defines the latest of 
the complete route since when starting later than the latest of 
𝑂𝑂 (𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦,𝑘𝑘,𝑡𝑡 = min�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡�𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐸𝐸 ∈ 𝐶𝐶𝑘𝑘) the vehicle will arrive too late at least 
at the destination of this order 𝑂𝑂. 

4. 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖,𝑘𝑘,𝑡𝑡: The latest moment route 𝑘𝑘 can start without causing downtime by arriving too 
late at destination 𝐸𝐸 using a vehicle of vehicle type 𝑡𝑡. 

5. 𝑅𝑅𝑘𝑘,𝑡𝑡: The set of travel times (𝐼𝐼𝑚𝑚,𝑛𝑛,𝑡𝑡) of route 𝑘𝑘 using a vehicle of vehicle type 𝑡𝑡 whereby 𝐷𝐷 and 𝐷𝐷 
are 2 destinations that are planned after each other on route k. In case of a combined route like 
the indirect delivery, the sequence of destinations on the route is based on 𝐶𝐶𝑘𝑘; at first all the 
depots of the replenishment orders of 𝐶𝐶𝑘𝑘 are visited in order of the sequence of 𝐶𝐶𝑘𝑘 in order to 
pick-up all full packing units that must be delivered at the customers. Next, all the customers of 
the replenishment orders of 𝐶𝐶𝑘𝑘 are visited in order of the sequence of 𝐶𝐶𝑘𝑘 in order to deliver all 
full packing units of the replenishment orders and pick-up all empty reusable packing units. At 
last, all the depots of the replenishment orders of 𝐶𝐶𝑘𝑘 are visited again in order of the sequence 
of 𝐶𝐶𝑘𝑘 in order to drop-off all the empty reusable packing units. For example with 𝐶𝐶𝑘𝑘 =
{𝐸𝐸, 𝑏𝑏, 𝑖𝑖, 𝑢𝑢}, 𝑅𝑅𝑘𝑘𝑡𝑡 would look like as follows: 

𝑅𝑅𝑘𝑘,𝑡𝑡 = 𝐼𝐼𝐷𝐷𝑎𝑎,𝐷𝐷𝑏𝑏,𝑡𝑡 + 𝐼𝐼𝐷𝐷𝑏𝑏,𝐷𝐷𝑐𝑐,𝑡𝑡 +  𝐼𝐼𝐷𝐷𝑐𝑐,𝐷𝐷𝑑𝑑,𝑡𝑡�������������������
𝑃𝑃𝑖𝑖𝑃𝑃𝑘𝑘−𝑟𝑟𝑢𝑢

+ 𝐼𝐼𝐷𝐷𝑑𝑑,𝐶𝐶𝑎𝑎,𝑡𝑡 + 𝐼𝐼𝐶𝐶𝑎𝑎,𝐶𝐶𝑏𝑏,𝑡𝑡 +  𝐼𝐼𝐶𝐶𝑏𝑏,𝐶𝐶𝑐𝑐,𝑡𝑡 + 𝐼𝐼𝐶𝐶𝑐𝑐,𝐶𝐶𝑑𝑑,𝑡𝑡�����������������
𝐷𝐷𝑜𝑜𝐷𝐷𝑖𝑖𝑣𝑣𝑜𝑜𝑜𝑜𝑦𝑦

+ 𝐼𝐼𝐶𝐶𝑑𝑑,𝐷𝐷𝑎𝑎,𝑡𝑡 +

𝐼𝐼𝐷𝐷𝑎𝑎,𝐷𝐷𝑏𝑏,𝑡𝑡 + 𝐼𝐼𝐷𝐷𝑏𝑏,𝐷𝐷𝑐𝑐,𝑡𝑡 + 𝐼𝐼𝐷𝐷𝑐𝑐,𝐷𝐷𝑑𝑑,𝑡𝑡�������������������
𝐷𝐷𝑜𝑜𝑜𝑜𝑢𝑢−𝑜𝑜𝑜𝑜𝑜𝑜 

. 
6. 𝐿𝐿𝑘𝑘,𝑡𝑡  = 𝑅𝑅𝑘𝑘𝑡𝑡 + (𝐻𝐻𝐻𝐻𝑡𝑡 + 𝐻𝐻𝐻𝐻𝑡𝑡) ∗ 𝑁𝑁𝑘𝑘  : Time of the loaded trip of route 𝑘𝑘. 
7. 𝐻𝐻𝑆𝑆𝑖𝑖: Set of replenishment orders that can be scheduled on the same route as replenishment 

order 𝐸𝐸 and might possibly lead to a saving of time. This set includes all the orders that have an 
overlapping time window with the time window of order 𝐸𝐸. In other words, 𝐻𝐻𝑆𝑆𝑖𝑖 includes all 
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orders 𝑂𝑂 of which 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦 or 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦 is located in between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖 and 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖. 

8. 𝑆𝑆𝑘𝑘,𝑞𝑞,𝑡𝑡 = (𝐿𝐿𝑘𝑘,𝑡𝑡 + 𝐿𝐿𝑗𝑗,𝑡𝑡) − 𝐿𝐿𝐷𝐷,𝑡𝑡  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑞𝑞 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {𝑞𝑞} =  𝐶𝐶𝑘𝑘 ,𝐶𝐶𝑗𝑗 = {𝑞𝑞} 𝐿𝐿𝑘𝑘,𝑡𝑡 = min�𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 =
min�𝐿𝐿𝑗𝑗,𝑡𝑡,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,𝑡𝑡,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 using a vehicle of vehicle type 𝑡𝑡. This 
variable indicates the saving of adding 𝑞𝑞 to route 𝑘𝑘. It adds the execution times of route 𝑘𝑘 and 
the single order delivery route of order 𝑞𝑞 to each other and verifies if these routes together take 
more time than a combined route that delivers the orders that are already on route 𝑘𝑘 and order 
𝑞𝑞. 
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Appendix E 

Indirect delivery heuristic example 
Here, the indirect delivery heuristic will be explained based on an example. Here, we are going to solve 
an example of a routing problem with the indirect delivery heuristic we built. In order to provide a 
proper view on this problem, the figure below shows a map of the assembly lines in the manufacturing 
plant of the indirect delivery example including the locations of the depots and customers. All of these 
customers order replenishment orders of exactly 1 packing unit of a specific product at 1 of the depots. 
Such replenishment order must be delivered within a certain time window by one of the vehicles of the 
fleet. 

d5

c4

d4

c5

c1d1

c2

d2

c3

d3

 
Figure 18: Overview of the map of the example problem 

The problem will be solved using the indirect delivery heuristic This heuristic has a pre-defined sequence 
of the calculation steps it takes, shown below in figure 19. Based on decisions made at the diamonds, 
certain steps are taken after each other. At step 1 to 4 the combined routes are composed and at step 5 
to 8 these combined routes are scheduled on vehicles. However, before the first step (Step 1) will be 
performed a certain input should be provided and some variables need to be initialized. 

Step 1 Step 2 Step 3 Step 4

Step 5 Step 6

End

Step 7 Step 8

 
Figure 19: Sequence steps indirect delivery heuristic 
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Input:  
- Set of replenishment orders each with an earliest due date and latest due date: {𝐴𝐴,𝐵𝐵,𝐶𝐶,𝐻𝐻,𝐸𝐸}.  

 
This set is illustrated in the figure 20 below with boxes that stand for the time windows in minutes 
within which they have to be delivered at their destination without causing a downtime. 
 

C

B

A

E

Time

0 20 60 80

D

40 100

 
Figure 20: Overview of unranked list of time windows of the replenishment orders 

In addition to the direct delivery heuristic we have a set of unscheduled routes as input, which is initially 
empty. 

- Set of unscheduled routes: {}. 
 
Here, we chose for a fleet of 2 vehicles of vehicle type 2; vehicle type 2 is a vehicle that has a capacity of 
4 packing units (and thus 4 replenishment orders). Moreover, vehicle type 2 is not able to turn around 
180 degrees in the middle of a street. At last, the current locations and the times available of the 
vehicles are provided. 

- Set of vehicles (𝐹𝐹2) all of vehicle type 2: {1,2} with 𝐼𝐼𝑈𝑈2 = 0. 
- 𝐻𝐻2 = 4. 
- 𝑄𝑄1 = 𝐻𝐻𝐴𝐴1, 𝑄𝑄2 = 𝐻𝐻𝐵𝐵4. 
- 𝐴𝐴1 = 0,𝐴𝐴2 = 0 

 
𝐼𝐼𝑈𝑈2 = 0 since the vehicles of vehicle type 2 cannot turn around 180 degrees or in other words cannot 
perform a 180 degree turn. In order to calculate the travel times between locations we have to track the 
directions. A vehicle that cannot turn around 180 degrees cannot choose to continue his way in an 
opposite direction of its last direction taken. We have to track the start- and end directions per step 
taken in a route and based on these start- and end directions we have to read the travel time from a 
travel time matrix related to a start direction that corresponds with the end direction of the previous 
step. Therefore, we have a different travel time matrix for each starting direction. 

- Travel time matrix related to vehicle type 2 for each direction (𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸) which provide 
the travel time in minutes and the direction in the end location. 

- Handling times related to vehicle type 2. 
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Handling Time (min) 
Pick-up (𝑯𝑯𝑯𝑯𝟐𝟐) 1 
Drop off (𝑯𝑯𝑫𝑫𝟐𝟐) 1 
Table 13: Handling times vehicle type 2 

Step 1(1): 
- Rank the set of replenishment orders based upon their 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  from the earliest to the 

latest, this ranked set will be called the list of unrouted orders, assign a number 𝑘𝑘 to them based 
on the place in the sequence starting with 𝑘𝑘 = 1 for the first in sequence and the next one will 
be 𝑘𝑘 = 𝑘𝑘 + 1. 

1 (C)

3(B)

4(A)

5(E)

Time

0 60 80

2(D)

40 10020

 
Figure 21: Overview of the ranked list of the time window of the unrouted orders (1) 

Adjust the current locations (𝑄𝑄1 𝐸𝐸𝐷𝐷𝑢𝑢 𝑄𝑄2) and the travel time matrices for each start direction 𝑢𝑢𝐸𝐸 (𝑢𝑢𝐸𝐸 =
{1,2,3,4}) using vehicle type 2 based on the ranked numbers assigned to the replenishment orders. As 
an example the travel time matrix with start direction 𝑢𝑢𝐸𝐸 = 1 using vehicle type 2 is provided below in 
table 14. Here, in each cell the travel time between the locations is provided together with the direction 
in which the vehicle arrives at the end location (𝐼𝐼𝐸𝐸𝐸𝐸𝑣𝑣𝐸𝐸𝐸𝐸 𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸𝑜𝑜𝑖𝑖𝑜𝑜𝑜𝑜𝑃𝑃𝑡𝑡𝑖𝑖𝑜𝑜𝑛𝑛). Furthermore, an X stands for the 
impossibility to start in direction 1 at the start location in question. 
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From\To 𝑫𝑫𝑺𝑺 𝑫𝑫𝟐𝟐 𝑫𝑫𝟑𝟑 𝑫𝑫𝟒𝟒 𝑫𝑫𝟓𝟓 𝑪𝑪𝑺𝑺 𝑪𝑪𝟐𝟐 𝑪𝑪𝟑𝟑 𝑪𝑪𝟒𝟒 𝑪𝑪𝟓𝟓 
𝑫𝑫𝑺𝑺  X X X X X X X X X X 
𝑫𝑫𝟐𝟐 84 01 294 283 183 243 223 293 163 243 
𝑫𝑫𝟑𝟑 X X X X X X X X X X 
𝑫𝑫𝟒𝟒 202 141 172 01 101 143 123 133 121 83 
𝑫𝑫𝟓𝟓 102 183 252 203 01 223 203 213 83 163 
𝑪𝑪𝑺𝑺 124 41 154 143 181 01 83 153 141 103 
𝑪𝑪𝟐𝟐 142 81 172 123 161 83 01 133 121 83 
𝑪𝑪𝟑𝟑 212 151 204 133 171 153 133 01 131 51 
𝑪𝑪𝟒𝟒 82 163 254 183 83 203 183 291 01 203 
𝑪𝑪𝟓𝟓 162 101 154 83 121 103 83 191 81 01 

Table 14: Travel time matrix vehicle type 2 with start direction 1 
- 𝑄𝑄1 = 𝐻𝐻41, 𝑄𝑄2 = 𝐻𝐻34. 
- Go to step 2. 

Step 2(1): 
- IF the list of unrouted orders is not empty yet. 

→THEN  
o Select the first unrouted order of the list, replenishment order 1(𝐶𝐶𝐸𝐸𝑢𝑢 𝐶𝐶). 
o Go to step 3.  

ELSE  
o Go to step 5. 

 

Step 3(1): 
- Create a set of possible savings (𝐻𝐻𝑆𝑆1) consisting of orders with their earliest or their latest within 

the time window of order 1 so between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1.  

1 (C)

3(B)

4(A)

5(E)

Time

0 60 80

2(D)

40 10020

 
Figure 22: Set of possible savings of order 1 



   87 

 

As can be seen in figure 22 above the time windows of replenishment orders 2 and 3 overlap with the 
time window of order 1 and thus 𝐻𝐻𝑆𝑆1 = {2,3}. 

- Create a route that is called route 1 with 𝐶𝐶1 = {1}  
- 𝐵𝐵1 = 𝐻𝐻1. 
- 𝐸𝐸1 = 𝐻𝐻1. 
- 𝐿𝐿1,2 = min�𝐿𝐿1,2,𝑜𝑜𝑖𝑖𝑜𝑜� = 46𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 

𝐿𝐿1,2,1 = 𝑁𝑁/𝐴𝐴. 
𝐿𝐿1,2,2 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷1,2,𝐶𝐶1,3,2 + 𝐻𝐻𝐻𝐻2 + 𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶1,3,𝐷𝐷1,2,2 +𝐻𝐻𝐻𝐻2 = 1 + 12 + 1 + 1 + 30 + 1 = 46. 
𝐿𝐿1,2,3 = 𝑁𝑁/𝐴𝐴. 
𝐿𝐿1,2,4 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷1,4,𝐶𝐶1,3,2 + 𝐻𝐻𝐻𝐻2 + 𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶1,3,𝐷𝐷1,2,2 +𝐻𝐻𝐻𝐻2 = 1 + 16 + 1 + 1 + 30 + 1 = 50. 

- IF 𝐿𝐿2,2 = 𝐿𝐿2,2,𝑜𝑜𝑖𝑖1 = 𝐿𝐿𝑘𝑘,𝑡𝑡𝑜𝑜𝑖𝑖2 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸1,𝑢𝑢𝐸𝐸2 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸.  
- 𝐿𝐿2,2 = 𝐿𝐿1,2,2 = 46 ≠ 50 = 𝐿𝐿1,2,4. 

THEN 
o 𝐿𝐿2,2 = 𝐿𝐿2,2,𝑜𝑜𝑖𝑖3 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝑜𝑜𝑖𝑖3 = max�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝑜𝑜𝑖𝑖� AND 𝐿𝐿2,2,𝑜𝑜𝑖𝑖3 =

min(𝐿𝐿2,2,𝑜𝑜𝑖𝑖)  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

Based on the sequence determined by the calculation of 𝐿𝐿1,2, the earliest- and latest due dates of the 
route can be calculated: 

- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐶𝐶1,3,2 −  𝐻𝐻𝐻𝐻2 = 20 − 1 − 12− 1 = 16. 
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐶𝐶1,3,2 −  𝐻𝐻𝐻𝐻2 = 50 − 1 − 12− 1 = 36. 

- 𝑁𝑁1 = 1 

The calculation of 𝐿𝐿1,2 resulted in the loaded trip 𝐿𝐿1,2 that starts in the direction that results in a route 
that costs the minimum amount of time to execute. In case of route 1 with 𝐶𝐶1 = {1} the route will start 
at 𝐻𝐻1. As can be seen in figure 23 below, 𝐻𝐻1is located at a vertical street and the route can thus only 
start in direction 2 (upwards) and 4 (downwards). This results in two optional 𝐿𝐿1,2 routes below where 
𝐿𝐿1,2,2 = 46  and  𝐿𝐿1,2,4 = 50. 
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Figure 23: Optional loaded trips of route 1 with order 1 and a vehicle of vehicle type 2 
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- Go to step 4. 

Step 4(1): 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆1; 

o Calculate 𝑆𝑆𝑘𝑘𝑞𝑞𝑡𝑡: 

𝑆𝑆1,2,2 = (𝐿𝐿1,2 + 𝐿𝐿𝑗𝑗,2) − 𝐿𝐿𝐷𝐷,2  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 2 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {2} =  𝐶𝐶1,𝐶𝐶𝑗𝑗 = {2},𝐿𝐿1,2 =
min�𝐿𝐿1,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

As mentioned at Step 3(1), 𝐿𝐿1,2 is the loaded trip 𝐿𝐿1,2 that costs the minimum amount of time to execute 
of all the possible start directions of route 1, which is 𝐿𝐿1,2,2 = 46. 

The loaded trip 𝐿𝐿𝑗𝑗,2 that costs the minimum amount of time to execute of all the possible start 
directions of route 𝑗𝑗 is calculated as follows. In case of route 𝑗𝑗 with 𝐶𝐶𝑗𝑗 = {2} the route will start at 𝐻𝐻2. As 
can be seen in figure 24 below, 𝐻𝐻2is located at a horizontal street and the route can thus only start in 
direction 1 (left) and 3 (right). This results in two optional 𝐿𝐿𝑗𝑗,2 routes below where 𝐿𝐿𝑗𝑗,2,1 = 46  and  
𝐿𝐿𝑗𝑗,2,3 = 32. 
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Figure 24: Optional loaded trips of route j with order 2 and a vehicle of vehicle type 2 

The loaded trip 𝐿𝐿𝐷𝐷,2 that costs the minimum amount of time to execute of all the possible start 
directions of route 𝐸𝐸 is calculated as follows. In case of route 𝐸𝐸 with 𝐶𝐶𝐷𝐷 = {1,2} the route will start at 𝐻𝐻1. 
As can be seen in figure 25 below, 𝐻𝐻1is located at a vertical street and the route can thus only start in 
direction 2 upwards) and 4 (downwards). This results in two optional 𝐿𝐿𝐷𝐷,2 routes below where 𝐿𝐿𝐷𝐷,2,2 =
58  and  𝐿𝐿𝐷𝐷,2,4 = 78. 
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Figure 25: Optional loaded trips of route 𝒍𝒍 with order 1 and 2 and a vehicle of vehicle type 2 

All in all this leads to the following calculation:  

𝑆𝑆1,2,2 = (46 + 32) − 58 = 20.  

More abstract this calculation can be depicted as shown in figure 26 below, this figure includes all the 
variables that are used in the calculation of 𝑆𝑆1,2,2. The sequence of steps to be taken is here much 
clearer than in the figures above. Per route, every travel step is indicated with a number that increases 
each step with 1 starting with number 1. The sequence illustrated here tells us the following; for the 
combined route, at first, all packing units of the replenishment orders are picked up at the depots than 
the vehicle visits the customers to drop off the full packing units and pick up the empty packing units. At 
last, the empty packing units have to be dropped off at their depots again. The sequence of visits is 
always based on the order of the replenishment orders in 𝐶𝐶1. 

1

2

3

4

5

12 12+ -12

 

Figure 26: Abstract view on calculation of 𝑺𝑺𝑺𝑺,𝟐𝟐,𝟐𝟐 

𝑆𝑆1,3,2 is calculated the same way as follows:  

𝑆𝑆1,3,2 = (𝐿𝐿1,2 + 𝐿𝐿𝑗𝑗,2) − 𝐿𝐿𝐷𝐷,2 =  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 3 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {3} =  𝐶𝐶1,𝐶𝐶𝑗𝑗 = {3},𝐿𝐿1,2 =
min�𝐿𝐿1,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

 𝑆𝑆1,3,2 = (46 + 28) − 107 = −33. 
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- IF 𝑆𝑆1,𝑞𝑞,2 of the order 𝑞𝑞 with the highest 𝑆𝑆1,𝑞𝑞,2 is positive AND IF 𝑁𝑁1 + 1 ≤ 𝐻𝐻2. 
𝐷𝐷𝐸𝐸𝑚𝑚 𝑆𝑆1,𝑞𝑞,2 = 20 ≥ 0 AND 𝑁𝑁1 + 1 = 2 ≤ 𝐻𝐻2 = 4. 
→THEN  

o Add order 2 to 𝐶𝐶1. 
o Remove order 2 from 𝐻𝐻𝑆𝑆1. 

As shown above at figure 26, the travel time of the new combined route 1 is:  

o 𝐿𝐿1,2 = 58. 
o 𝐵𝐵1 = 𝐻𝐻1,2. 
o 𝐸𝐸1 = 𝐻𝐻2,3. 

The earliest- and latest due dates of the route depend on the earliest and latest of the orders on the 
route. The earliest of the route is the latest earliest of all 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦,1 of all 𝑂𝑂 ∈ 𝐶𝐶1 since the latest 
earliest determines whether at least one customer is supplied too early or not. On the other hand, the 
latest of the route is the earliest latest of all 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑦𝑦,1 of all 𝑂𝑂 ∈ 𝐶𝐶1since the earliest latest 
determines whether at least one customer is supplied too late or not. 

o 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = max�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1,1,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2,1,2� = 7. 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1,1,2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷2,3,𝐶𝐶1,2,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐷𝐷2,3,2 − 𝐻𝐻𝐻𝐻2 = 20 − 1 − 4 − 1 −
8 − 1 = 5. 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2,1,2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐶𝐶1,3,𝐶𝐶2,1,2 − 𝐻𝐻𝐻𝐻2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷2,3,𝐶𝐶1,3,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐷𝐷2,3,2 −
𝐻𝐻𝐻𝐻2 = 40 − 1 − 16 − 1 − 1 − 4 − 1 − 8 − 1 = 7. 

o 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = min�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1,1, 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2,1� = 22. 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 1,1,2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷2,3,𝐶𝐶1,2,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐷𝐷2,3,2 − 𝐻𝐻𝐻𝐻2 = 50 −−1− 4 − 1 −
8 − 1 = 35. 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 2,1,2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐶𝐶1,3,𝐶𝐶2,1,2 − 𝐻𝐻𝐻𝐻2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷2,3,𝐶𝐶1,3,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷1,2,𝐷𝐷2,3,2 −
𝐻𝐻𝐻𝐻2 = 55 − 1 − 16 − 1 − 1 − 4 − 1 − 8 − 1 = 22. 

o 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 + 1 = 1 + 1 = 2 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 ≥ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = 7 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = 22. 
THEN  
 Remove the order 𝑚𝑚 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑥𝑥,1 from 𝐶𝐶1. 
 Determine 𝐵𝐵1, 𝐸𝐸1, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2, 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2. 
 𝑁𝑁1 = 𝑁𝑁1 − 1 . 

o Repeat step 4. 
ELSE  

o Add route 1 to the set of unscheduled routes. 
o Go back to step 2. 
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Step 4(2): 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆1; 

o Calculate 𝑆𝑆𝑘𝑘𝑞𝑞𝑡𝑡: 

𝑆𝑆1,3,2 = (𝐿𝐿1,2 + 𝐿𝐿𝑗𝑗,2) − 𝐿𝐿𝐷𝐷,2  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 3 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {3} =  𝐶𝐶1,𝐶𝐶𝑗𝑗 = {3},𝐿𝐿1,2 =
min�𝐿𝐿3,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

The sequence of the potential new route with orders 1,2 and 3 is shown below in figure 27. Per route, 
every travel step is indicated with a number that increases each step with 1 starting with number 1. The 
calculation of 𝑆𝑆1,3,2 follows the same method as the calculation of 𝑆𝑆1,2,2 explained at Step 4(1) whereby 
𝑆𝑆1,3,2 indicates the potential saving in time if order 3 is added to route 1 instead of 2 separate routes as 
is the case in the current situation.  
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Figure 27: Abstract view on calculation of 𝑺𝑺𝑺𝑺,𝟑𝟑,𝟐𝟐 

𝑆𝑆1,3,2 = (58 + 28) − 119 = −33. 

- IF 𝑆𝑆1,𝑞𝑞,2 of the order 𝑞𝑞 with the highest 𝑆𝑆1,𝑞𝑞,2 is positive AND IF 𝑁𝑁1 + 1 ≤ 𝐻𝐻2. 
𝐷𝐷𝐸𝐸𝑚𝑚 𝑆𝑆1,𝑞𝑞,2 =. .≤ 0 AND 𝑁𝑁1 + 1 = 3 ≤ 𝐻𝐻2 = 4 
THEN  

o Add order 𝑞𝑞 to 𝐶𝐶1   
o Remove order 𝑞𝑞 from 𝐻𝐻𝑆𝑆1. 
o Determine 𝐵𝐵1, 𝐸𝐸1, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2. 
o 𝑁𝑁1 = 𝑁𝑁1 + 1 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2>𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2  

THEN  
 Remove the order 𝑂𝑂 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟,1,2 from 𝐶𝐶3 
 Determine 𝐵𝐵1, 𝐸𝐸1, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2, 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2. 
 𝑁𝑁1 = 𝑁𝑁1 − 1  

o Repeat step 4. 
→ELSE  

o Add route 1 to the set of unscheduled routes. 
o Go back to step 2. 
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Step 2(2): 
- IF the list of unrouted orders is not empty yet. 

→THEN  
o Select the first unrouted order of the list, replenishment order 3(𝐶𝐶𝐸𝐸𝑢𝑢 𝐵𝐵). 
o Go to step 3.  

ELSE  
o Go to step 5. 

Step 3(2): 
- Create a set of possible savings (𝐻𝐻𝑆𝑆3) consisting of orders with their earliest or their latest within 

the time window of order 3 so between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3.  

3(B)

4(A)

5(E)

Time

0 60 8040 10020

 
Figure 28: Set of possible savings of order 3 

As can be seen in the figure above, the time windows of replenishment orders 4 and 5 overlap with the 
time window of order 3 and thus 𝐻𝐻𝑆𝑆3 = {4,5}. 

- Create a route that is called route 2 with 𝐶𝐶2 = {3}  
- 𝐿𝐿2,2 = min�𝐿𝐿2,2,𝑜𝑜𝑖𝑖𝑜𝑜� = 𝐿𝐿2,2,2 = 𝐿𝐿2,2,4 = 28𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 

𝐿𝐿2,2,1 = 𝑁𝑁/𝐴𝐴. 
𝐿𝐿2,2,2 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷3,2𝐶𝐶3,3,2 + 𝐻𝐻𝐻𝐻2 +𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶3,3𝐷𝐷3,2,2 + 𝐻𝐻𝐻𝐻2 = 1 + 20 + 1 + 1 + 4 + 1 = 28. 
𝐿𝐿2,2,3 = 𝑁𝑁/𝐴𝐴. 
𝐿𝐿2,2,4 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷3,4𝐶𝐶3,1,2 + 𝐻𝐻𝐻𝐻2 +𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶3,1𝐷𝐷3,4,2 + 𝐻𝐻𝐻𝐻2 = 1 + 4 + 1 + 1 + 20 + 1 = 28. 

- IF 𝐿𝐿2,2 = 𝐿𝐿2,2,𝑜𝑜𝑖𝑖1 = 𝐿𝐿2,2,𝑜𝑜𝑖𝑖2 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸1,𝑢𝑢𝐸𝐸2 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸.  
𝐿𝐿2,2 = 𝐿𝐿2,2,2 = 28 = 28 = 𝐿𝐿2,2,4. 
THEN 

o 𝐿𝐿2,2 = 𝐿𝐿2,2,𝑜𝑜𝑖𝑖3 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝑜𝑜𝑖𝑖3 = max�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝑜𝑜𝑖𝑖� AND 𝐿𝐿2,2,𝑜𝑜𝑖𝑖3 =
min(𝐿𝐿2,2,𝑜𝑜𝑖𝑖)  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,2 =  𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷3,2𝐶𝐶3,3,2 −  𝐻𝐻𝐻𝐻2 = 65− 1 − 20 − 1 = 43. 
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𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,4 =  𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷3,4𝐶𝐶3,1,2 −  𝐻𝐻𝐻𝐻2 = 65− 1 − 4 − 1 = 59. 
𝐿𝐿2,2 = 𝐿𝐿2,2,4. 

So we choose to start the route in direction 4 and setup the route based on this starting direction. 

- 𝐵𝐵2 = 𝐻𝐻3,4. 
- 𝐸𝐸2 = 𝐻𝐻3,4. 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷3,4𝐶𝐶3,1,2 −  𝐻𝐻𝐻𝐻2 = 45 − 1 − 4 − 1 = 39. 
- 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 3 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷3,4𝐶𝐶3,1,2 −  𝐻𝐻𝐻𝐻2 = 65 − 1 − 4 − 1 = 59. 
- 𝑁𝑁1 = 1. 
- Go to step 4. 

Step 4(3): 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆3; 

o Calculate 𝑆𝑆2,𝑞𝑞,2 
𝑆𝑆2,4,2 = (𝐿𝐿2,2 + 𝐿𝐿𝑗𝑗,2)− 𝐿𝐿𝐷𝐷,2:  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 4 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {4} =  𝐶𝐶2,𝐶𝐶𝑗𝑗 = {4},𝐿𝐿2,2 =
min�𝐿𝐿3,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 
𝑆𝑆2,4,2 = 28 + 34− 83 = −21. 
𝑆𝑆2,5,2 = (𝐿𝐿2,2 + 𝐿𝐿𝑗𝑗,2)− 𝐿𝐿𝐷𝐷,2:  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 5 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {5} =  𝐶𝐶2,𝐶𝐶𝑗𝑗 = {5},𝐿𝐿2,2 =
min�𝐿𝐿2,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 
𝑆𝑆2,5,2 = 28 + 42− 97 = 27. 

- IF 𝑆𝑆2,𝑞𝑞,2 of the order 𝑞𝑞 with the highest 𝑆𝑆2,𝑞𝑞,2 is positive AND IF 𝑁𝑁2 + 1 ≤ 𝐻𝐻2. 
𝑆𝑆2,4,2 = −21 < 0 AND 𝑆𝑆2,5,2 = −27 < 0  AND 𝑁𝑁2 + 1 = 2 ≤ 4 = 𝐻𝐻2 
THEN  

o Add order 𝑞𝑞 to 𝐶𝐶2   
o Remove order 𝑞𝑞 from 𝐻𝐻𝑆𝑆3. 
o Determine 𝐵𝐵2, 𝐸𝐸2, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2. 
o 𝑁𝑁2 = 𝑁𝑁2 + 1 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2>𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2  

THEN  
 Remove the order 𝑂𝑂 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟,2,2 from 𝐶𝐶2 
 Determine 𝐵𝐵2, 𝐸𝐸2, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2. 
 𝑁𝑁2 = 𝑁𝑁2 − 1  

o Repeat step 4. 
→ELSE  

o Add route 2 to the set of unscheduled routes. 
o Go back to step 2. 

Step 2(3): 
- IF the list of unrouted orders is not empty yet. 
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→THEN  
o Select the first unrouted order of the list, replenishment order 4(𝐶𝐶𝐸𝐸𝑢𝑢 𝐴𝐴). 
o Go to step 3.  

ELSE  
o Go to step 5. 

Step 3(3): 
- Create a set of possible savings (𝐻𝐻𝑆𝑆4) consisting of orders with their earliest or their latest within 

the time window of order 4 so between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4.  

4(A)

5(E)

Time

0 60 8040 10020

 
Figure 29: Set of possible savings of order 4 

As can be seen in the figure above the time windows of replenishment order 5 overlap with the time 
window of order 4 and thus 𝐻𝐻𝑆𝑆4 = {5}. 

- Create a route that is called route 3 with 𝐶𝐶3 = {4}  
- 𝐿𝐿3,2 = min�𝐿𝐿3,2,𝑜𝑜𝑖𝑖𝑜𝑜� = 34𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 

𝐿𝐿3,2,1 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷41𝐶𝐶43 ,2 + 𝐻𝐻𝐻𝐻2 + 𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶43𝐷𝐷41 ,2 + 𝐻𝐻𝐻𝐻2 = 1 + 12 + 1 + 1 + 18 + 1 = 34. 

𝐿𝐿3,2,2 = 𝑁𝑁/𝐴𝐴. 
𝐿𝐿3,2,3 =  𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐷𝐷43𝐶𝐶41 ,2 + 𝐻𝐻𝐻𝐻2 + 𝐻𝐻𝐻𝐻2 + 𝐼𝐼𝐶𝐶41𝐷𝐷43 ,2 + 𝐻𝐻𝐻𝐻2 = 1 + 24 + 1 + 1 + 18 + 1 = 46. 

𝐿𝐿3,2,4 = 𝑁𝑁/𝐴𝐴. 
- IF 𝐿𝐿3,2 = 𝐿𝐿3,2,𝑜𝑜𝑖𝑖1 = 𝐿𝐿3,2𝑜𝑜𝑖𝑖2 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸1,𝑢𝑢𝐸𝐸2 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸.  

𝐿𝐿3,2 = 𝐿𝐿3,2,1 = 34 ≠ 46 = 𝐿𝐿3,2,3. 
THEN 

o 𝐿𝐿3,2 = 𝐿𝐿3,2,𝑜𝑜𝑖𝑖3 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2,𝑜𝑜𝑖𝑖3 = 𝐷𝐷𝐸𝐸𝑚𝑚�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2,𝑜𝑜𝑖𝑖� AND 𝐿𝐿3,2,𝑜𝑜𝑖𝑖3 =
𝐷𝐷𝐸𝐸𝐷𝐷( 𝐿𝐿3,2,𝑜𝑜𝑖𝑖)  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

- 𝐵𝐵2 = 𝐻𝐻4,1. 
- 𝐸𝐸2 = 𝐻𝐻4,1. 
- 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷4,1𝐶𝐶4,3,2 −  𝐻𝐻𝐻𝐻2 = 55 − 1 − 12 − 1 = 41. 

𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷41𝐶𝐶43 ,2 −  𝐻𝐻𝐻𝐻2 = 85 − 1 − 12 − 1 = 71. 
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- 𝑁𝑁1 = 1. 
- Go to step 4. 

Step 4(4): 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆4; 

o Calculate 𝑆𝑆3,𝑞𝑞,2 
𝑆𝑆3,5,2 = (𝐿𝐿4,2 +  𝐿𝐿𝑗𝑗,2)−  𝐿𝐿𝐷𝐷,2:  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 5 ∈ 𝐶𝐶𝐷𝐷 ,𝐶𝐶𝐷𝐷  \ {5} =  𝐶𝐶4,𝐶𝐶𝑗𝑗 = {5},𝐿𝐿3,2 =
min�𝐿𝐿3,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝑗𝑗,2 = min�𝐿𝐿𝑗𝑗,2,𝑜𝑜𝑖𝑖𝑜𝑜 � , 𝐿𝐿𝐷𝐷,2 = min (𝐿𝐿𝐷𝐷,2,𝑜𝑜𝑖𝑖𝑜𝑜 ) 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 
𝑆𝑆3,5,2 = 34 + 42− 60 = 16. 

- IF 𝑆𝑆3,𝑞𝑞,2 of the order 𝑞𝑞 with the highest 𝑆𝑆2,𝑞𝑞,2 is positive AND IF 𝑁𝑁2 + 1 ≤ 𝐻𝐻2. 
𝑆𝑆3,5,2 = 16 ≥ 0 AND 𝑁𝑁2 + 1 = 2 ≤ 4 = 𝐻𝐻2 
→THEN  

o Add order 5 to 𝐶𝐶3.  
o Remove order 5 from 𝐻𝐻𝑆𝑆3. 
o 𝐿𝐿3,2 = min�𝐿𝐿3,2,𝑜𝑜𝑖𝑖𝑜𝑜� = 60𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸 
o 𝐵𝐵3 = 𝐻𝐻4,1. 
o 𝐸𝐸3 = 𝐻𝐻5,1. 
o 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2 = min�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4,3,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5,3,2� = 34 
o 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4,3,2 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷5,1,𝐶𝐶4,3,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷4,1,𝐷𝐷5,1,2 − 𝐻𝐻𝐻𝐻2 =

55 − 1 − 8 − 1 − 10 − 1 = 34. 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5,3,2 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐶𝐶4,3,𝐶𝐶5,3,2 −  𝐻𝐻𝐻𝐻2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷5,1,𝐶𝐶4,3,2 −
𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷4,1,𝐷𝐷5,1,2 − 𝐻𝐻𝐻𝐻2 = 60 − 1 − 8 − 1 − 1 − 8 − 1 − 10 − 1 = 29. 

o 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2 = min�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4,3,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5,3,2� = 64. 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4,3,2 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 4 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷5,1,𝐶𝐶4,3,2 − 𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷4,1,𝐷𝐷5,1,2 − 𝐻𝐻𝐻𝐻2 = 85 −
1 − 8 − 1 − 10 − 1 = 64. 
𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5,3,2 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 5 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐶𝐶4,3,𝐶𝐶5,3,2 −  𝐻𝐻𝐻𝐻2 −  𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷5,1,𝐶𝐶4,3,2 −
𝐻𝐻𝐻𝐻2 − 𝐼𝐼𝐷𝐷4,1,𝐷𝐷5,1,2 − 𝐻𝐻𝐻𝐻2 = 100 − 1 − 8 − 1 − 1 − 8 − 1 − 10 − 1 = 69. 

o 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 + 1 = 1 + 1 = 2 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3 ≥ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3 = 7 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3 = 22. 
THEN  
 Remove the order with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘 from 𝐶𝐶𝑘𝑘 
 Determine 𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑘𝑘 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑘𝑘 
 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 1  

o Repeat step 4. 
ELSE 

o Add route 3 to the set of unscheduled routes. 
o Go back to step 2. 
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Step 4(5): 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆4; 

o Calculate 𝑆𝑆3,𝑞𝑞,2: 

𝐻𝐻𝑆𝑆4 is empty now so no 𝑆𝑆3,𝑞𝑞,2 have to be calculated. 

- IF 𝑆𝑆3,𝑞𝑞,2 of the order 𝑞𝑞 with the highest 𝑆𝑆3,𝑞𝑞,2 is positive AND IF 𝑁𝑁1 + 1 ≤ 𝐻𝐻2. 
No 𝑞𝑞 anymore so no also no 𝑆𝑆3,𝑞𝑞,2. 
THEN  

o Add order 𝑞𝑞 to 𝐶𝐶3   
o Remove order 𝑞𝑞 from 𝐻𝐻𝑆𝑆4. 
o Determine 𝐵𝐵3, 𝐸𝐸3, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2. 
o 𝑁𝑁3 = 𝑁𝑁3 + 1 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2>𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2  

THEN  
 Remove the order 𝑂𝑂 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟,3,2 from 𝐶𝐶3 
 Determine 𝐵𝐵3, 𝐸𝐸3, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡 𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2. 
 𝑁𝑁3 = 𝑁𝑁3 − 1  

o Repeat step 4. 
→ELSE  

o Add route 3 to the set of unscheduled routes. 
o Go back to step 2. 

Step 2(4): 
- IF the list of unrouted orders is not empty yet. 

THEN  
o Select the first unrouted order of the list. 
o Go to step 3.  

→ELSE  
o Go to step 5. 

Step 5(1): 
- Rank the set of unscheduled routes based upon their latest due dates from earliest to the latest. 

This ranked set of unscheduled routes is shown below in figure 30. 
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Route 1
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Time
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Route 2

40 10020

 
Figure 30: Overview of ranked list of time windows of the routes 

- Go to step 6. 

Step 6(1): 
- IF the list of unscheduled routes is not empty yet. 

→THEN 
o Select the first unscheduled route of the list; route 1. 
o Go to step 7. 

ELSE  
o STOP. 

Step 7(1): 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 + 𝑈𝑈1,𝑣𝑣,2: 

Since 𝑄𝑄1 = 𝐻𝐻4,1, the unloaded trip of vehicle 1 starts at 𝐻𝐻4 in direction 1, this unloaded trip ends at 𝐻𝐻1 in 
direction 3 since 𝐵𝐵1 = 𝐻𝐻1,2. Therefore, 𝑈𝑈1,1,2 is the travel time of the fastest route from 𝐻𝐻4,1to 𝐻𝐻1,2. 

𝑈𝑈1,1,2 = 20. 

The same principle applies to 𝑈𝑈1,2,2; since 𝑄𝑄2 = 𝐻𝐻3,4, the unloaded trip of vehicle 2 starts at 𝐻𝐻3 in 
direction 3 and ends at 𝐻𝐻1 in direction 3 since 𝐵𝐵1 = 𝐻𝐻1,2. Therefore, 𝑈𝑈1,2,2 is the travel time of the 
fastest route from 𝐻𝐻3,4to 𝐻𝐻1,2. 

𝑈𝑈1,2,2 = 25 

𝐴𝐴1 + 𝑈𝑈1,1,2 = 0 + 20 = 20 

𝐴𝐴2 + 𝑈𝑈1,2,2 = 0 + 25 = 25 

When considering the map shown before, these calculations can be depicted as shown in figure 31 
below. Here, the arrows stand for the vehicles and are pointed in the direction of their current direction. 
Moreover, the blue lines show the unloaded trips; 𝑈𝑈1,1,2 and 𝑈𝑈1,2,2, the red line stands show us the path 
of route 1, this path follows the sequence of the sub-lines indicated by the numbers of the lines, 1 to 5. 
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Figure 31: Illustration of the situation while scheduling route 1 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈1,𝑣𝑣,2 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 AND 𝑁𝑁1 ≤ 𝐻𝐻2: 
𝐴𝐴1 + 𝑈𝑈1,1,2 = 20 ≤ 22 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 AND 𝑁𝑁1 = 2 ≤ 4 = 𝐻𝐻2  
→THEN  

o Schedule the route on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈1,𝑣𝑣,2 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈1,𝑣𝑣,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2):  
min (𝐴𝐴1 + 𝑈𝑈1,1,2 = 0 + 20 = 20,𝐴𝐴2 + 𝑈𝑈1,2,2 = 0 + 25 = 25). 

Therefore, route 1 will be scheduled on vehicle 1, to be executed at the following point in time: 

𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴1 +  𝑈𝑈1,1,2 = 20,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = 7) = 20 
o Remove route 1 from the list with unscheduled orders 
o 𝑄𝑄2 = 𝐻𝐻23 
o 𝐴𝐴1 = 𝐷𝐷𝐸𝐸𝑚𝑚 + 𝑈𝑈1,1,2 = 20,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 = 7) + 𝐿𝐿1,2 = 0 + 20 + 58 = 78. 
o Go back to step 6.  

ELSE  
o Go to step 8. 

Step 6(2): 
- IF the list of unscheduled routes is not empty yet. 

→THEN 
o Select the first unscheduled route of the list; route 2. 
o Go to step 7. 

ELSE  
o STOP. 

Step 7(2): 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 + 𝑈𝑈2,𝑣𝑣,2: 
𝑈𝑈2,1,2 = 26. 
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𝑈𝑈2,2,2 = 0. 
𝐴𝐴1 + 𝑈𝑈2,1,2 = 78 + 26 = 104 

𝐴𝐴2 + 𝑈𝑈2,2,2 = 0 + 0 = 0 

These calculations can be depicted as shown in figure 32 below. Here, the arrows stand for the vehicles 
and are pointed in the direction of their current direction. Moreover, the blue line show the unloaded 
trips; 𝑈𝑈2,1,2. As can be seen in the figure, vehicle 2 is already at the start location in the right direction 
and therefore; 𝑈𝑈2,2,2 = 0. The red line stands show us the path of route2, this path follows the sequence 
of the sub-lines indicated by the numbers of the lines, 1 and 2. 
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Figure 32: Illustration of the situation while scheduling route 2 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,2 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2 AND 𝑁𝑁2 ≤ 𝐻𝐻2: 
𝐴𝐴1 + 𝑈𝑈1,1,2 = 0 ≤ 59 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 AND 𝑁𝑁1 = 1 ≤ 4 = 𝐻𝐻2  
→THEN  

o Schedule the route on the vehicle 𝑣𝑣 with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,2 with the start of the 
route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2):  
min (𝐴𝐴1 +  𝑈𝑈2,1,2 = 78 + 26 = 104,𝐴𝐴2 +  𝑈𝑈2,2,2 = 0 + 0 = 0). 

Therefore, route 2 will be scheduled on vehicle 2, to be executed at the following point in time: 

𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈2,2,2 = 0,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2 = 39) = 39 
o Remove route 2 from the list with unscheduled orders 
o 𝑄𝑄2 = 𝐻𝐻34 
o 𝐴𝐴2 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴2 +  𝑈𝑈2,2,2 = 0,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 2,2 = 39) + 𝐿𝐿2,2 = 39 + 28 = 67. 
o Go back to step 6.  

ELSE  
o Go to step 8. 

Step 6(3): 
- IF the list of unscheduled routes is not empty yet. 

→THEN 
o Select the first unscheduled route of the list; route 3. 
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o Go to step 7. 
ELSE  

o STOP. 

Step 7(3): 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹; 

o Calculate 𝐴𝐴𝑣𝑣 + 𝑈𝑈3,𝑣𝑣,2: 
𝑈𝑈3,1,2 = 32. 
𝑈𝑈3,2,2 = 11. 
𝐴𝐴1 + 𝑈𝑈3,1,2 = 78 + 32 = 110 

𝐴𝐴2 + 𝑈𝑈3,2,2 = 67 + 11 = 78 
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Figure 33: Illustration of the situation while scheduling route 3 

- IF there is at least one vehicle 𝑣𝑣 available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,2 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2 AND 𝑁𝑁3 ≤ 𝐻𝐻2: 
𝐴𝐴1 + 𝑈𝑈3,1,2 = 110 > 64 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 AND 𝑁𝑁3 = 2 ≤ 4 = 𝐻𝐻2  
𝐴𝐴2 + 𝑈𝑈3,2,2 = 78 > 64 = 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 1,2 AND 𝑁𝑁3 = 2 ≤ 4 = 𝐻𝐻2 

THEN 
o Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈3,𝑣𝑣,2 with the start of the 

route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈3,𝑣𝑣,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2)  
o Remove this route from the list with unscheduled orders 
o 𝑄𝑄𝑣𝑣 = 𝐸𝐸3. 
o 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈3𝑣𝑣 ,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2)  + 𝐿𝐿3,2. 
o Go back to step 6. 

→ELSE  
o Go to step 8. 

Step 8(1): 
- Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈2,𝑣𝑣,2. 

min (𝐴𝐴1 + 𝑈𝑈3,1,2 = 78 + 32 = 110,𝐴𝐴2 +  𝑈𝑈3,2,2 = 67 + 11 = 78) = 78. 
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Therefore, route 3 will be scheduled on vehicle 2, to be executed at time: 78. 

- Remove route 3 from the list with unscheduled orders. 
- 𝑄𝑄2 = 𝐸𝐸3,2 = 𝐻𝐻51. 

- 𝐴𝐴2 = 𝐷𝐷𝐸𝐸𝑚𝑚�𝐴𝐴2 +  𝑈𝑈3,2,2,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2� + 𝐿𝐿3,2 = 78 + 60 = 138 

- Calculate the total time of the downtime; 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 = 𝐴𝐴2 + 𝑈𝑈3,2,2 − 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 3,2.  
𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 = 78− 64 = 14. 

- Go back to step 6. 

Step 6(4): 
- IF the list of unscheduled routes is not empty yet. 

THEN 
o Select the first unscheduled route of the list. 
o Go to step 7. 

→ELSE  
o STOP. 

In the end, the schedule of routes is created as shown in figure 34 below. Here, the execution times of 
the different routes (unloaded- and loaded trips) are shown per vehicle. 

Time

0 60 8040 10020

Vehicle 1

Vehicle 2

120 140

 
Figure 34: The schedule of the routes created by the indirect delivery heuristic 
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Appendix F 

Indirect delivery heuristic 
Here, the indirect delivery heuristic is provided in its pure form without example values. This heuristic 
can be used for any MDVRPTW problem of which the required input that is mentioned below, is 
available. 
 

Step 1 Step 2 Step 3 Step 4

Step 5 Step 6

End

Step 7 Step 8

 
Figure 35: Sequence steps indirect delivery heuristic 

Input:  
- Set of replenishment orders with each an earliest due date and latest due date. 
- Set of vehicles (𝐹𝐹𝑡𝑡) all of type 𝑡𝑡 and corresponding 𝐼𝐼𝑈𝑈𝑡𝑡. 
- Set 𝐻𝐻𝑡𝑡 at the capacity of the chosen vehicle type 𝑡𝑡. 
- Travel matrices related to type 𝑡𝑡. 
- Handling times related to type 𝑡𝑡. 
- Set current locations of all the vehicles of the fleet. 
- Set times available of all the vehicles of the fleet at 0. 
- 𝐸𝐸 = 0. 
- 𝑘𝑘 = 0. 
- 𝐷𝐷 = 0. 

Step 1: 
- Rank the set of replenishment orders based upon their latest due dates from earliest to the 

latest, this ranked set will from now on be called the set of unrouted replenishment orders. 
- Go to step 2. 

Step 2: 
- IF the list of unrouted orders is not empty yet. 

THEN  
o 𝐸𝐸 = 𝐸𝐸 + 1. 
o Select the first unrouted order of the list, which is called from now on replenishment 

order 𝐸𝐸. 
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o Go to step 3.  
ELSE  

o Go to step 5. 

Step 3: 
- Create a set of possible savings (𝐻𝐻𝑆𝑆𝑖𝑖) consisting of orders with their earliest or their latest within 

the time window of order 𝐸𝐸 so between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖.  
- 𝑘𝑘 = 𝑘𝑘 + 1. 
- Create a route that is called route 𝑘𝑘 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐶𝐶𝑘𝑘 = {𝐸𝐸}  
- Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 . 
- IF 𝐿𝐿𝑘𝑘,𝑡𝑡 = 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖1 = 𝐿𝐿𝑘𝑘,𝑡𝑡𝑜𝑜𝑖𝑖2 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸1,𝑢𝑢𝐸𝐸2 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸.  

THEN 
o 𝐿𝐿𝑘𝑘,𝑡𝑡 = 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 = max�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖� AND 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 =

min(𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖)  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

Here, we choose for the direction with the latest latest due date of the route since this direction gives us 
more time to find a vehicle that is available to execute the route. 

- Determine 𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
- 𝑁𝑁𝑘𝑘 = 1  
- Go to step 4. 

Step 4: 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆𝑖𝑖; 

o Calculate 𝑆𝑆𝑘𝑘,𝑞𝑞,𝑡𝑡. 
- IF 𝑆𝑆𝑘𝑘,𝑞𝑞,𝑡𝑡 of the order 𝑞𝑞 with the highest 𝑆𝑆𝑘𝑘𝑞𝑞𝑡𝑡 is positive AND IF 𝑁𝑁𝑘𝑘 + 1 ≤ 𝐻𝐻𝑡𝑡. 

THEN  
o Add this order 𝑞𝑞 to 𝐶𝐶𝑘𝑘    
o Remove this order 𝑞𝑞 from 𝐻𝐻𝑆𝑆𝑖𝑖. 
o Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
o 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 + 1. 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡>𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡  

THEN  
 Remove the order 𝑂𝑂 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟,𝑘𝑘,𝑡𝑡 from 𝐶𝐶𝑘𝑘 
 Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 1. 

Here, we choose to remove the order with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘,𝑡𝑡, since this order has the most 
negative influence on the latest due date of the route. After all, the earlier the latest due date the 
harder it gets to find a vehicle that is available to execute the route. 
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o Repeat step 4. 
ELSE  

o Add route 𝑘𝑘 to the set of unscheduled routes. 
o Go back to step 2. 

Step 5: 
- Rank the set of unscheduled routes based upon their latest due dates from earliest to the latest. 
- Go to step 6. 

Step 6: 
- IF the list of unscheduled routes is not empty yet. 

→THEN 
o 𝐷𝐷 = 𝐷𝐷 + 1. 
o Select the first unscheduled route of the list, which is called route 𝐷𝐷 from now on. 
o Go to step 7. 

ELSE  
o STOP. 

Step 7: 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹;  

o Calculate 𝐴𝐴𝑣𝑣, 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ,𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 
- IF there is at least one vehicle available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡. 

THEN  
o Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 with the start of the 

route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  
o Remove replenishment order 𝐷𝐷 from the list of unscheduled routes. 
o 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑤𝑤. 
o 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  + 𝐿𝐿𝑤𝑤,𝑡𝑡 . 
o Go back to step 6. 

ELSE  
o Go to step 8. 

Step 8: 
- Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 with the start of the route at 

𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡. 
- Remove route 𝐷𝐷 from the set of unscheduled routes.  
- Set 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑤𝑤. 

- 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  + 𝐿𝐿𝑤𝑤,𝑡𝑡 . 
- Calculate the total time of the downtime; 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 = 𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 − 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡.  
- Go back to step 6. 
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Appendix G 

Split heuristic 

Step 1 Step 2 Step 3 Step 4

Step 5 Step 6

End

Step 7 Step 8

 

Figure 36: Sequence steps split heuristic 

Input:  
- Set of replenishment orders with each an earliest due date and latest due date. 
- Set of vehicles (𝐹𝐹𝑡𝑡) all of type 𝑡𝑡 and corresponding 𝐼𝐼𝑈𝑈𝑡𝑡. 
- Set 𝐻𝐻𝑡𝑡 at the capacity of the chosen vehicle type 𝑡𝑡. 
- Travel matrices related to type 𝑡𝑡. 
- Handling times related to type 𝑡𝑡. 
- Set current locations of all the vehicles of the fleet. 
- Set times available of all the vehicles of the fleet at 0. 
- 𝐸𝐸 = 0. 
- 𝑘𝑘 = 0. 
- 𝐷𝐷 = 0. 

Step 1: 
- Rank the set of replenishment orders based upon their latest due dates from earliest to the 

latest, this ranked set will from now on be called the set of unrouted replenishment orders. 
- Go to step 2. 

Step 2: 
- IF the list of unrouted orders is not empty yet. 

THEN  
o 𝐸𝐸 = 𝐸𝐸 + 1. 
o Select the first unrouted order of the list, which is called from now on replenishment 

order 𝐸𝐸. 
o Go to step 3.  

ELSE  
o Go to step 5. 
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Step 3: 
- Create a set of possible savings (𝐻𝐻𝑆𝑆𝑖𝑖) consisting of orders with their earliest or their latest within 

the time window of order 𝐸𝐸 so between 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖 and 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖.  
- 𝑘𝑘 = 𝑘𝑘 + 1. 
- Create a route that is called route 𝑘𝑘 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐶𝐶𝑘𝑘 = {𝐸𝐸}  
- Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 . 
- IF 𝐿𝐿𝑘𝑘,𝑡𝑡 = 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖1 = 𝐿𝐿𝑘𝑘,𝑡𝑡𝑜𝑜𝑖𝑖2 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸1,𝑢𝑢𝐸𝐸2 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸.  

THEN 
o 𝐿𝐿𝑘𝑘,𝑡𝑡 = 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 = max�𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖� AND 𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖3 =

min(𝐿𝐿𝑘𝑘,𝑡𝑡,𝑜𝑜𝑖𝑖)  𝐷𝐷𝐸𝐸𝑡𝑡ℎ 𝑢𝑢𝐸𝐸 ∈ 𝐻𝐻𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡𝐸𝐸𝐶𝐶𝐷𝐷𝐸𝐸. 

Here, we choose for the direction with the highest latest due date of the route since this direction gives 
us more time to find a vehicle that is available to execute the route. 

- Determine 𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
- 𝑁𝑁𝑘𝑘 = 1  
- Go to step 4. 

Step 4: 
- FOR all orders 𝑞𝑞 ∈ 𝐻𝐻𝑆𝑆𝑖𝑖; 

o Calculate 𝑆𝑆𝑘𝑘,𝑞𝑞,𝑡𝑡. 
- IF 𝑆𝑆𝑘𝑘,𝑞𝑞,𝑡𝑡 of the order 𝑞𝑞 with the highest 𝑆𝑆𝑘𝑘𝑞𝑞𝑡𝑡 is positive AND IF 𝑁𝑁𝑘𝑘 + 1 ≤ 𝐻𝐻𝑡𝑡. 

THEN  
o Add this order 𝑞𝑞 to 𝐶𝐶𝑘𝑘    
o Remove this order 𝑞𝑞 from 𝐻𝐻𝑆𝑆𝑖𝑖. 
o Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
o 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 + 1. 
o IF 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡>𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡  

THEN  
 Remove the order 𝑂𝑂 with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟,𝑘𝑘,𝑡𝑡 from 𝐶𝐶𝑘𝑘 
 Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
 𝑁𝑁𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 1. 

Here, we choose to remove the order with the earliest 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘,𝑡𝑡, since this order has the most 
negative influence on the latest due date of the route. After all, the earlier the latest due date the 
harder it gets to find a vehicle that is available to execute the route. 

o Repeat step 4. 
ELSE  
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o Add route 𝑘𝑘 to the set of unscheduled routes. 
o Go back to step 2. 

Step 5: 
- Rank the set of unscheduled routes based upon their latest due dates from earliest to the latest. 
- Go to step 6. 

Step 6: 
- IF the list of unscheduled routes is not empty yet. 

→THEN 
o 𝐷𝐷 = 𝐷𝐷 + 1. 
o Select the first unscheduled route of the list, which is called route 𝐷𝐷 from now on. 
o Go to step 7. 

ELSE  
o STOP. 

Step 7: 
- FOR all vehicles 𝑣𝑣 ∈ 𝐹𝐹;  

o Calculate 𝐴𝐴𝑣𝑣, 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ,𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 
- IF there is at least one vehicle available for which; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ≤ 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡. 

THEN  
o Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 with the start of the 

route at 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 ,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  
o Remove replenishment order 𝐷𝐷 from the list of unscheduled routes. 
o 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑤𝑤. 
o 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  + 𝐿𝐿𝑤𝑤,𝑡𝑡 . 
o Go back to step 6. 

ELSE  
o Go to step 8. 

Step 8: 
- IF 𝑁𝑁𝑘𝑘 > 1 

THEN FOR all orders 𝑞𝑞 ∈  𝐶𝐶𝑘𝑘 
o 𝑘𝑘 = 𝑘𝑘 + 1. 
o Create route 𝑘𝑘. 
o Add replenishment order q to 𝐶𝐶𝑘𝑘 AND set 𝑁𝑁𝑘𝑘 = 1  
o Remove order 𝑞𝑞 from 𝐶𝐶𝑤𝑤.  
o Determine 𝐿𝐿𝑘𝑘,𝑡𝑡 ,𝐵𝐵𝑘𝑘, 𝐸𝐸𝑘𝑘, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡 ,𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
o Add route 𝑘𝑘 on the correct place in the ranked set of unscheduled routes based on its 

𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑘𝑘,𝑡𝑡. 
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ELSE  
o Schedule the route on the vehicle with the minimum; 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 with the start of the 

route at 𝐴𝐴𝑣𝑣 +  𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡. 
o Remove route 𝐷𝐷 from the set of unscheduled routes.  
o Set 𝑄𝑄𝑣𝑣 = 𝐸𝐸𝑤𝑤. 

o 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝐸𝐸𝑚𝑚(𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡)  + 𝐿𝐿𝑤𝑤,𝑡𝑡 . 
o Calculate the total time of the downtime; 𝐻𝐻𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡𝐸𝐸𝐷𝐷𝐸𝐸 = 𝐴𝐴𝑣𝑣 + 𝑈𝑈𝑤𝑤,𝑣𝑣,𝑡𝑡 − 𝐿𝐿𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 𝑤𝑤,𝑡𝑡.  
o Go back to step 6.
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Appendix H 

FAS Map 
 
 

Figure 37: Map of the FAS 
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Appendix 

Explanation costs per shift 
Item Costs (€) Calculation Explanation 
Forklift per shift 8.30 =27890/7/48/5/2 Purchase price divided by the lifespan in 

shifts.  
Tractor per shift 4.71 =15810/7/48/5/2 Purchase price divided by the lifespan in 

shifts. 
Wagon per shift 1.12 =3748/7/48/5/2 Purchase price divided by the lifespan in 

shifts. 
Driver per shift 208.33 =50000/48/5  
Elevator per shift 0.89 =3000/7/48/5/2 Purchase price divided by the lifespan in 

shifts. 
Vehicle-mounted computer per 
shift 

2.34 =4500/4/48/5/2 Purchase price divided by the lifespan in 
shifts. 

IT control costs per shift 82.50  =6600/4/5*25% The monthly wage divided by the workdays 
per month times the expected percentage of 
time the employee will be busy with the 
supervision of the process. 

IT development costs 35000 =roundup(70*40*12=33600) Based on an average hourly wage of 70 
euros of a business analyst and the expected 
time of 3 months a business analyst needs to 
prepare, develop, test and implement the 
system upgrade.  

Downtime per second 17.45 =78.50*800/60/60 On average a downtime disables 800 
employees to continue with their work 
which cost on average 78.50 euro per hour 

Table 15: Explanation costs per shift 
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Appendix I 

Costs current goods supply method 
 

 

 

Table 16: Costs current goods supply method  

Storage locations  All  
770 

 
775 

 
785 

Vehicles 27 7 13 7 
3-year costs (€) 8,422,704 2,183,664 4,055,376 2,183,664 
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Appendix J 

Results of the simulations using the direct delivery heuristic 
Direct delivery heuristic using forklifts Dedicated to 

All Clusters 

Total  
770 

 
775 

 
785 

Vehicles 19.00 22.00 2.00 9.00 11.00 

Average orders per shift 2754.00 2754.00 155.00 741.67 1857.33 
Average computation time per shift (min) 2.00 3.00 1.00 1.00 1.00 

Average occupancy vehicle (%) 75.78 65.48 59.07 78.70 55.83 

Vehicle usage Unloaded trips (%) 18.16 3.73 6.19 13.70 13.51 

Loaded trips (%) 81.84 96.27 93.81 86.30 86.49 

Average time unloaded trip (s) 98.44 81.93 58.00 59.53 158.20 

Average time loaded trip (s) 133.55 139.31 225.51 236.96 89.28 

Average trips per shift 3581.67 3543.33 192.67 1331.00 2019.67 

Average unloaded trips per shift 828.67 718.33 39.33 515.33 163.67 

Average loaded trips per shift 2753.00 2825.00 153.33 815.67 1856.00 

Ratio loaded trips to unloaded trips 3.32 3.93 3.90 1.58 11.34 

Average occupancy vehicle capacity (%) 100.00 100.00 100.00 100.00 100.00 

Service level (%) 100.00 100.00 100.00 100.00 100.00 

3-year costs (€) Vehicles 5,991,110 6,937,075 630,643 2,837,894 3,468,538 
Other 153,800 153,800    
Total 6,144,910 7,090,875    

Table 17: Direct delivery performances 1 
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Direct delivery heuristic using 
forklifts 

Dedicated to 

Storage locations 

Total 770  
M18 

 
M36 

775  
M55 

 
M58 

 
M60 

 
M65 

785  
M25 

 
M83 

 
M85 

Vehicles 19.00 2.00 1.00 1.00 9.00 4.00 1.00 3.00 1.00 8.00 1.00 5.00 2.00 

Average orders per shift 2754.00 155.00 129.67 25.33 741.67 280.33 63.67 392.33 5.33 1857.33 94.67 1544.67 218.00 

Average computation time per 
shift (min) 

9.00 2.00 1.00 1.00 4.00 1.00 1.00 1.00 1.00 3.00 1.00 1.00 1.00 

Average occupancy vehicle (%) 65.43 57.23 88.57 25.89 65.69 79.77 29.38 78.42 7.50 67.18 28.82 78.22 58.74 

Vehicle 
usage 

Unloaded trips (%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Loaded trips (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Average time unloaded trip (s) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Average time loaded trip (s) 134.92 230.87 213.68 318.83 228.09 331.10 144.00 165.27 439.00 89.71 95.00 79.00 163.28 

Average trips per shift 2754.00 155.00 129.67 25.33 741.67 280.33 63.67 392.33 5.33 1857.33 94.67 1544.67 218.00 

Average unloaded trips per shift N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Average loaded trips per shift 2754.00 155.00 129.67 25.33 741.67 280.33 63.67 392.33 5.33 1857.33 94.67 1544.67 218.00 

Ratio loaded trips to unloaded 
trips 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Average occupancy vehicle 
capacity (%) 

100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Service level (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

3-year costs (€) Vehicles 5,991,110 630,643 315,322 315,322 2,837,894 1,261,286 315,322 945,965 315,322 2,522,573 315,322 1,576,608 630,643 
Other 153,800             

Total 6,144,910             

Table 18: Direct delivery performances 2 
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Appendix K 

Results of the simulations using the indirect delivery heuristic 
Indirect delivery heuristic using e-train(4) Dedicated to 

All Clusters 

Total  
770 

 
775 

 
785 

Vehicles 25.00 29.00 4.00 11.00 14.00 
Elevators 4.00 4.00 0.00 3.00 1.00 
Average orders per shift 2754.00 2754.00 155.00 741.67 1857.33 
Average computation time per shift (min) 294.00 132.00 11.00 50.00 71.00 
Average occupancy vehicle (%) 69.14 59.58 26.67 60.18 68.51 
Vehicle usage 
 

Unloaded trips (%) 4.77 0.75 1.24 4.04 1.86 
Loaded trips (%) 95.23 99.25 98.76 95.96 98.14 

Average time unloaded trip (s) 84.11 64.56 59.00 48.11 133.90 
Average time loaded trip (s) 498.01 492.42 547.81 512.60 474.44 
Average time loaded trips per order (s) 193.05 190.22 222.37 242.04 163.89 
Average trips per shift 1337.00 1287.67 67.00 560.00 660.67 
Average unloaded trips per shift 305.67 222.00 7.00 173.33 41.67 
Average loaded trips per shift 1031.33 1065.67 60.00 386.67 619.00 
Ratio loaded trips to unloaded trips 3.37 4.80 8.57 2.23 14.86 
Average occupancy vehicle capacity (%) 64.49 64.72 61.59 52.95 72.37 
Service level (%) 100.00 100.00 100.00 100.00 100.00 
3-year costs (€) Vehicles 7,883,040 9,144,326 1,261,286 3,468,538 4,414,502 

Other 158,943 158,943 0 3,857 1,286 
Total 8,041,983 9,303,269 

   Table 19: Indirect delivery with e-train(4) performances 1



115 

 

Indirect delivery heuristic 
using e-train(4) 

Dedicated to 

Storage locations 

Total 770  
M18 

 
M36 

775  
M55 

 
M58 

 
M60 

 
M65 

785  
M25 

 
M83 

 
M85 

Vehicles 34.00 5.00 4.00 1.00 12.00 4.00 1.00 6.00 1.00 17.00 2.00 11.00 4.00 
Elevators 4.00 0.00 0.00 0.00 3.00 0.00 0.00 3.00 0.00 1.00 0.00 0.00 1.00 
Average orders per shift 2754.00 155.00 129.67 25.33 741.67 280.33 63.67 392.33 5.33 1857.33 94.67 1544.67 218.00 
Average computation time per 
shift (min) 32.00 6.00 5.00 1.00 11.00 3.00 1.00 6.00 1.00 15.00 3.00 9.00 3.00 
Average occupancy vehicle (%) 50.54 21.46 21.58 21.00 52.85 62.12 96.42 47.46 4.54 57.47 21.60 69.63 41.96 
Vehicle 
usage 

Unloaded trips (%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Loaded trips (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Average time unloaded trip (s) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average time loaded trip (s) 512.44 542.92 545.86 531.16 543.06 562.48 472.00 556.83 472.00 491.81 481.33 483.42 537.60 
Average time loaded trips per 
order (s) 192.96 216.00 207.68 258.59 260.67 267.53 472.00 221.41 265.50 164.00 142.37 154.71 239.21 
Average trips per shift 1037.00 61.67 49.33 12.33 356.00 133.33 63.67 156.00 3.00 619.33 28.00 494.33 97.00 
Average unloaded trips per 
shift N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average loaded trips per shift 1037.00 61.67 49.33 12.33 356.00 133.33 63.67 156.00 3.00 619.33 28.00 494.33 97.00 
Ratio loaded trips to unloaded 
trips N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average occupancy vehicle 
capacity (%) 62.95 61.54 64.09 51.35 54.63 52.52 25.00 62.67 44.44 69.24 77.05 72.66 55.94 
Service level (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
3-year costs 
(€) 

Vehicles 10,720,934 1,576,608 1,261,286 315,322 3,783,859 1,261,286 315,322 1,891,930 315,322 5,360,467 630,643 3,468,538 1,261,286 
Other 158,943 0 0 0 3,857 0 0 3,857 0 1,286 0 0 1,286 
Total 10,879,877 

            Table 20: Indirect delivery with e-train(4) performances 2
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Indirect delivery heuristic using e-train(4) with 
switch times the same as for a forklift 

Dedicated to 

All Clusters 

Total  
770 

 
775 

 
785 

Vehicles 18.00 22.00 3.00 9.00 10.00 

Elevators 4.00 4.00 0.00 3.00 1.00 

Average orders per shift 2754.00 2754.00 155.00 741.67 1857.33 
Average computation time per shift (min) 284.00 112.00 9.00 41.00 62.00 

Average occupancy vehicle (%) 73.18 55.21 25.75 55.34 63.94 

Vehicle usage 
 

Unloaded trips (%) 13.73 1.45 2.61 6.27 3.68 

Loaded trips (%) 86.27 98.55 97.39 93.73 96.32 

Average time unloaded trip (s) 110.60 68.83 59.00 49.38 148.78 

Average time loaded trip (s) 355.85 350.30 393.40 376.02 328.85 

Average time loaded trips per order (s) 110.48 131.48 155.49 178.16 108.00 

Average trips per shift 1506.33 1288.67 70.33 584.67 633.67 

Average unloaded trips per shift 510.00 257.33 10.67 197.33 49.33 

Average loaded trips per shift 996.33 1031.33 59.67 387.33 584.33 

Ratio loaded trips to unloaded trips 1.95 4.01 5.59 1.96 11.84 

Average capacity usage (%) 80.52 66.61 63.25 52.76 76.12 

Service level (%) 100.00 100.00 100.00 100.00 100.00 

3-year costs (€) Vehicles 5,675,789 6,937,075 945,965 2,837,894 3,153,216 
Other 158,943 158,943 0 3,857 1,286 
Total 5,834,732 7,096,018 

   Table 21: Indirect delivery with e-train(4) with switch times equal to the forklift performances   
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Indirect delivery heuristic using e-train(3) Dedicated to 

All Clusters 

Total  
770 

 
775 

 
785 

Vehicles 21.00 26.00 3.00 10.00 13.00 
Elevators 4.00 4.00 0.00 3.00 1.00 
Average orders per shift 2754.00 2754.00 155.00 741.67 1857.33 
Average computation time per shift (min) 447.00 113.00 6.00 11.00 96.00 
Average occupancy vehicle (%) 67.48 54.23 31.55 54.75 59.07 
Vehicle usage 
 

Unloaded trips (%) 7.16 3.19 2.60 4.90 2.05 
Loaded trips (%) 92.84 96.81 97.40 95.10 97.95 

Average time unloaded trip (s) 96.44 66.13 59.00 52.81 119.85 
Average time loaded trip (s) 315.32 320.11 444.32 467.25 255.63 
Average time loaded trips per order (s) 145.49 145.14 189.11 199.01 123.92 
Average trips per shift 1630.00 1542.67 77.67 506.00 959.00 
Average unloaded trips per shift 328.33 212.33 13.00 158.33 41.00 
Average loaded trips per shift 1301.67 1330.33 64.67 347.67 918.00 
Ratio loaded trips to unloaded trips 3.96 6.27 4.97 2.20 22.39 
Average occupancy vehicle capacity (%) 54.18 55.14 58.74 58.70 51.57 
Service level (%) 100.00 100.00 100.00 100.00 100.00 
3-year costs (€) Vehicles 6,621,754 8,198,362 945,965 3,153,216 4,099,181 

Other 158,943 158,943 0 3,857 1,286 
Total 6,780,696 8,357,304 

   Table 22: Indirect delivery with e-train(3) peformances 
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Appendix L 

Results of the simulations using the split heuristic 
Split heuristic using e-train(4) Dedicated to 

All Clusters 

Total  
770 

 
775 

 
785 

Vehicles 25.00 29.00 4.00 11.00 14.00 
Elevators 4.00 4.00 0.00 3.00 1.00 
Average orders per shift 2754.00 2754.00 155.00 741.67 1857.33 
Average computation time per shift (min) 294.00 132.00 11.00 50.00 71.00 
Average occupancy vehicle (%) 69.14 59.58 26.67 60.18 68.51 
Vehicle usage 
 

Unloaded trips (%) 4.77 0.75 1.24 4.04 1.86 
Loaded trips (%) 95.23 99.25 98.76 95.96 98.14 

Average time unloaded trip (s) 84.11 64.56 59.00 48.11 133.90 
Average time loaded trip (s) 498.01 492.42 547.81 512.60 474.44 
Average time loaded trips per order (s) 193.05 190.22 222.37 242.04 163.89 
Average trips per shift 1337.00 1287.67 67.00 560.00 660.67 
Average unloaded trips per shift 305.67 222.00 7.00 173.33 41.67 
Average loaded trips per shift 1031.33 1065.67 60.00 386.67 619.00 
Ratio loaded trips to unloaded trips 3.37 4.80 8.57 2.23 14.86 
Average occupancy vehicle capacity (%) 64.49 64.72 61.59 52.95 72.37 
Service level (%) 100.00 100.00 100.00 100.00 100.00 
3-year costs (€) Vehicles 7,883,040 9,144,326 1,261,286 3,468,538 4,414,502 

Other 158,943 158,943 0 3,857 1,286 
Total 8,041,983 9,303,269 

   Table 23: Split performances 1
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Split heuristic using e-train(4) Dedicated to 

Storage locations 

Total 770  
M18 

 
M36 

775  
M55 

 
M58 

 
M60 

 
M65 

785  
M25 

 
M83 

 
M85 

Vehicles 34.00 5.00 4.00 1.00 12.00 4.00 1.00 6.00 1.00 17.00 2.00 11.00 4.00 
Elevators 4.00 0.00 0.00 0.00 3.00 0.00 0.00 3.00 0.00 1.00 0.00 0.00 1.00 
Average orders per shift 2754.00 155.00 129.67 25.33 741.67 280.33 63.67 392.33 5.33 1857.33 94.67 1544.67 218.00 
Average computation time per 
shift (min) 32.00 6.00 5.00 1.00 11.00 3.00 1.00 6.00 1.00 15.00 3.00 9.00 3.00 
Average occupancy vehicle (%) 50.54 21.46 21.58 21.00 52.85 62.12 96.42 47.46 4.54 57.47 21.60 69.63 41.96 
Vehicle 
usage 

Unloaded trips (%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Loaded trips (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Average time unloaded trip (s) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average time loaded trip (s) 512.44 542.92 545.86 531.16 543.06 562.48 472.00 556.83 472.00 491.81 481.33 483.42 537.60 
Average time loaded trips per 
order (s) 192.96 216.00 207.68 258.59 260.67 267.53 472.00 221.41 265.50 164.00 142.37 154.71 239.21 
Average trips per shift 1037.00 61.67 49.33 12.33 356.00 133.33 63.67 156.00 3.00 619.33 28.00 494.33 97.00 
Average unloaded trips per 
shift N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average loaded trips per shift 1037.00 61.67 49.33 12.33 356.00 133.33 63.67 156.00 3.00 619.33 28.00 494.33 97.00 
Ratio loaded trips to unloaded 
trips N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Average occupancy vehicle 
capacity (%) 62.95 61.54 64.09 51.35 54.63 52.52 25.00 62.67 44.44 69.24 77.05 72.66 55.94 
Service level (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
3-year costs 
(€) 

Vehicles 10,720,934 1,576,608 1,261,286 315,322 3,783,859 1,261,286 315,322 1,891,930 315,322 5,360,467 630,643 3,468,538 1,261,286 
Other 158,943 0 0 0 3,857 0 0 3,857 0 1,286 0 0 1,286 
Total 10,879,877 

            Table 24: Split performances 2 
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