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Abstract. The Volkswagen Pre-Production Center (VPC) is responsible for the entire
prototype assembly of the Volkswagen brand. In their assembly sites, however, they often
cannot employ their manufacturing staff to the full utilization level, and therefore, the
manufacturing volume is low.Maximizing themanufacturing volume for a given available
capacity is a frequently pursued objective in industrial manufacturing. The planning task
of capacity scheduling contributes to this objective by deciding on resource allocation and
the selection and scheduling of orders. We were asked to evaluate possible operations
research/management science (OR/MS) solutions for their capacity scheduling problem.
To this end, we developed a prototype for capacity scheduling based on binary integer
programming. After the prototype had revealed high improvement potential, we de-
veloped a spreadsheet-based decision support system (DSS) for daily capacity scheduling.
The schedules generated by the DSS were substantially better than the solutions generated
by the current manual procedure, in terms of both accomplished manufacturing volume
and planning effort. After successful test implementation and rollout, the VPC estimated
the annual cost savings to lie in the six-digit Euro range. Meanwhile, we continue
spreading OR/MS methods to neighboring departments of the VPC.

History: This paper was refereed.

Keywords: automotive assembly • prototype • capacity scheduling • decision support system • spreadsheets

At its site in Wolfsburg, Germany, Volkswagen ded-
icates more than 14,000 employees to pursue innova-
tion in the Research and Technical Development
departments of the Volkswagen group. The Volks-
wagen Pre-Production Center (VPC) as a part of Tech-
nical Development is responsible for the coordina-
tion and manufacturing of prototype vehicles of the
Volkswagen brand (VW). These prototype vehicles are
frequently presented to the public at automotive
exhibitions or internally as concept or design models
to the management board. The most considerable
number of prototypes, however, is dedicated to
technical tests before the pilot-run series of the spe-
cific car models. With its 1,400 employees, the VPC
accounts for the timely completion of approximately
4,000 VW prototype vehicles annually.

Grown historically at times with lower product
variety, the current organizational structure of the
VPC’s manufacturing department is characterized by
several autonomous organizational units (OUs). One
master craftsperson leads each OU with around 30
skilled workers and is responsible for the timely
completion of the orders centrally assigned to the OU.

Traditionally, the OUs focused on a fixed set of car
models and could consequently gain experience with
their models. In today’s prototype vehicles, however,
a high degree of novel technology is common among
all vehicle segments, and virtual prototype models
assist the workers throughout the assembly. As a
consequence, the VPC reduced the specialization of
OUs, and workers can now build any vehicle model.
The organizational structure with several autono-
mous OUs, however, has been retained.
In past years, the VPC has faced an increasing

demand for manufacturing capacity, considerably
exceeding internal capacity supply. This tremendous
increase is mainly due to an increasing product va-
riety worldwide, along with more extensive tests of
mechanical functionality and an increase in electric
vehicle components. In order to ensure the timely
completion of all orders despite these developments,
external manufacturing has become an attractive op-
tion lately.
At theVPC, the decision onwhether to outsource an

order is the task of the centralized function of capacity
scheduling. In their capacity scheduling process, they
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decide on the executing OU and the assembly period
of each order. These decisions are driven by the
available internal and external manufacturing ca-
pacity and the timely completion of each order.
Currently, the planning task is carried out manually
and requires significant data management effort be-
cause several stakeholders are responsible for data
maintenance. As a consequence, the capacity sched-
uling process is limited to the supervision of (exog-
enous) due dates. The manufacturing department
therefore suffers from large fluctuations in person-
nel utilization at generally lower utilization levels
and the low internal manufacturing volume asso-
ciated with it. Decisions on the internal and exter-
nal manufacturing and scheduling of orders do not
consistently follow the aim of maximizing the in-
ternal manufacturing volume. To reduce costs spent
on external manufacturing of orders, management
seeks measures to increase the internal manufactur-
ing volume.

The VPC asked the authors of the contribution
at hand to evaluate possible operations research/
management science (OR/MS) solutions for their
capacity scheduling. Particularly fascinated by the
combinatorial complexity of their problem and the
peculiar characteristics of their manufacturing sys-
tem, we developed and implemented, in cooperation
with the VPC, a prototype for capacity scheduling
based on binary integer programming. In order to
solve the prototype for real-world settings, we had to
simplify it. However, it demonstrated that the VPC
could substantially increase its manufacturing vol-
ume by utilizing a dedicated planning approach.
Based on these preliminary results, the VPC subse-
quently decided to launch a spreadsheet-based de-
cision support system with user-friendly function-
ality and generalized assumptions we developed for
every-day planning.

Theoretical Foundations of Automotive
Product Development
Early in the automotive value chain, manufacturers
are concerned with the development of novel prod-
ucts for potentially emerging future markets. With a
focus on decision making in product development,
Krishnan and Ulrich (2001) provide an extensive
survey on research in this domain. They propose to
divide the decisions in product development into four
stages: (S.1) concept development, (S.2) supply chain
design, (S.3) product design, and (S.4) production ramp-
up and launch. In order to provide an initial under-
standing of the decisions in automotive product de-
velopment and recent research associated with it, we
present examples of recent research associated with
the product development stages in the automotive
industry in the following.

Concept Development (S.1)
The (S.1) concept development stage is concerned with
product differentiation and addresses the definition
of the products’ target value, the core concept, and the
determination of the number of product variants
(Krishnan and Ulrich 2001). In the automotive in-
dustry, decisions on future product portfolios are at
the heart of the concept development stage. Recently,
several authors have focused on the market intro-
duction of alternative fuel technologies (Kieckhäfer
et al. 2014, Kieckhäfer et al. 2017, Oliveira et al. 2019).
Moreover, strategic assortment planning and supply
chain design decisions are integrated (Bertsimas and
Mišić 2017, 2019; Jonnalagedda and Saranga 2017,
2019; Umpfenbach et al. 2018a, b).

Supply Chain Design (S.2)
The (S.2) supply chain design decisions include (S.2.1)
supplier selection, (S.2.2) production system design, and
(S.2.3) distribution system design (Krishnan and Ulrich
2001). The (S.2.1) supplier selection refers to vertical
integration and outsourcing decisions (Novak and
Stern 2009, Agrawal et al. 2017, Tsay et al. 2018,
Moheb-Alizadeh and Handfield 2019, Zhou et al.
2019). In (S.2.2) production system design, particular
attention is given to the production network design,
thus focusing on the manufacturers’ internal supply
chain. Approaches in this domain assume a loss of
productivity at the plant level due to the launch of
novel products (Fleischmann et al. 2006, Gopal et al.
2013, Egelman et al. 2017, Ziegler et al. 2019). The
(S.2.3) distribution system design is concerned with the
location of distribution facilities between plants and
customers (Geoffrion and Graves 1974). Şen et al.
(2010) and Kchaou Boujelben et al. (2016) report on
successful applications of distribution system design
in industrial practice.

Product Design (S.3)
The (S.3) product design stage then focuses on the
design of single products rather than portfolio design.
Product design decisions predominantly relate to the
engineering community. Typically, selected design
parameters of the product are improved in an iterative
trial-and-error manner (Papalambros 1995, Krishnan
andUlrich 2001). To account for the iterative nature of
product design, Thomke (1998) specifies it as an iter-
ative four-step cycle consisting of (S.3.1) design
(i.e., choosing the level of a product’s attributes),
(S.3.2) build (i.e., developing the (physical or virtual)
apparatus required to conduct the necessary experi-
ments), (S.3.3) run (i.e., testing the prototypes in their
use environment), and (S.3.4) analyze (i.e., identifying
opportunities to improve the product design) phases.
To the best of the authors’ knowledge, recent research
with applications to the automotive industry only
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addresses (S.3.3) the run phase. Here, several articles
are concerned with test scheduling problems in the
automotive industry and relate to decisions on the
number of required prototype vehicles, their con-
figuration, and the resulting test schedules (Chelst
et al. 2001, Hsu et al. 2004, Bartels and Zimmermann
2009, Reich et al. 2016, Shi et al. 2017). The capacity
scheduling problem we consider in our manuscript is
categorized into the (S.3.2) build phase.

Production Ramp-up and Launch (S.4)
The final stage of product development refers to (S.4)
production ramp-up and launch. In this phase, the
timing of the product launch is considered, and
multiple factors are traded off, for example, com-
pleteness of development and threat of competitor
entry to the market (Kalish and Lilien 1986, Thomke
1998). Glock and Grosse (2015) provide a review of
decision support models for production ramp-up.
Almgren (2000), Wochner et al. (2016), and Becker
et al. (2017) report on successful applications of OR/
MS methods in this field.

As illustrated in our overview, much research is
associated with OR/MS in the stages of product de-
velopment in general and automotive product devel-
opment in particular. The capacity scheduling prob-
lem we consider is part of the product design stage.
In this stage, the scheduling of technical tests has recently
attracted attention. Before conducting tests on the
prototype vehicles, however, automotive manu-
facturers are committed to their assembly. To the
best of the authors’ knowledge, no existing research
addresses the processes of automotive prototype as-
sembly from an OR/MS perspective. The same holds
for the domain of assembly of prototypes in indus-
tries in general. In the next section, we will illustrate
the problem setting we faced at the VPC.

The Problem Setting
Capacity scheduling is conducted daily with a rolling-
horizon planning period of 60 days in which compli-
ance with capacity restrictions is ensured. The VPC
pursues a single-shift system for both administration
and manufacturing employees. Manufacturing is con-
ducted on weekdays except for public holidays and
annual work holidays. The latter is specific for the
Volkswagen site in Wolfsburg, Germany.

A release date and a due date are associated with
each order. The assembly of any order cannot start
before its particular release date. Several factors have
an impact on the determination of the release date, for
example, the delivery date of hardware components
or software products required for assembly, or pre-
liminary clarification of technical requirements. The
prototype vehicles are manufactured for different

internal customers of the Technical Development
departments, for example, for test runs of specialized
equipment or management and exhibition presenta-
tions. Because of the high priority of these occur-
rences, potential delays strictly have to be avoided,
which means the due date is firm.
The VPC holds responsibility for each VW proto-

type vehicle and coordinates the timely completion of
each order by either internal OUs (preferred) or ex-
ternal manufacturing service providers. Consequently,
an OU has to be determined for each order. To accept
orders for internal manufacturing, the availability of
two limited resources has to be ensured.
First, a sufficient capacity of power-driven hoisting

platforms is required. Hoisting platforms are sta-
tionary devices to lift vehicles by their frames. In the
VPC, they are needed to enable underbody work.
Each OU maintains a certain number of hoisting
platforms. The prototype vehicles have to be assigned
to one of these hoisting platforms throughout their
assembly. Only one vehicle can be assigned to a
hoisting platform at a time. Because the assembly of
any order cannot be interrupted once having been
started, the car cannot be released from the hoisting
platform and remains lifted until its assembly is fi-
nalized. As hoisting platforms are stationary, the
hoisting platform capacity of each OU differs from
other OUs.
Second, each OU has a certain number of skilled

workers, providing a predetermined personnel ca-
pacity in each period that fluctuates according to
the individuals’ vacation entitlement. The volume of
work caused by the assigned orders must not exceed
the available capacity in any period. The master
craftsmenmaintain the disciplinary responsibility for
their skilled workers and the punctual completion of
their orders. Therefore, the master craftsmen conduct
the scheduling of their resources on a technically
more detailed level and operate autonomously. Per-
sonnel can only move within an OU.Within each OU,
however, the master craftsmen can flexibly assign
their personnel among the orders allocated to the
associated OU. A general illustration of the planning
problem is given in Figure 1.
The assembly effort associated with each order can

be determined only a few days before the planned
start date because changes in technical requirements
can occur on short notice. For planning purposes,
however, the order has to be assigned to either of the
OUs well in advance, for example, to enable the
picking and shipping of parts. Therefore, capacity
scheduling has to rely on estimates of the orders’
assembly effort. This estimation is based on prior
experience with similar projects and is measured in
hundreds of staff hours.
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Within the range of release and duedates, the actual
duration of the assembly activity (usually three weeks)
can be influenced by scaling the assignment of skilled
workers. Consequently, the duration of an assembly
activity of any order can be shortened by allocating
more personnel, resulting in a high period-wise per-
sonnel effort (and vice versa). The resulting effort per
period, however, does not run linearly among the as-
sembly periods. This is due to interrelations within the
considered planning process described above. The
centralized capacity scheduling function allocates or-
ders among OUs and specifies the associated start and
end dates of the assembly. Subsequently, each OU is
responsible for the execution of the assembly tasks
associatedwith the assigned orders before the due date.

Therefore, they schedule the required assembly tasks
within the OU on a technically more detailed level. In
this setting, start and end effects arise within the
decentralizedOUs. For that reason, they focus onvisible
progress on the vehicles during the first periods. In the
last periods, the unfinished work must be completed to
comply with the due date. To anticipate this behavior
of the subordinate OUs, the VPC observes the share
of finished work over the assembly. Based on their
findings, they use a deterministic function to assign the
overall assembly effort among the single planning
periods in their centralized approach. The resulting
effort per period therefore depends on the estimated
assembly effort and the duration of the assembly ac-
tivity. We provide exemplary trends in Figure 2.
As described above, the due date of the prototype

vehicles is firm. The VPC has taken various technical
and organizational measures to achieve high process
reliability and responsiveness of their value chain,
ensuring the timely completion of prototypes. Re-
ferred to as the “Transparent Prototype,” critical parts
and components are labeled using radio frequency
identification (RFID) already at the suppliers. The
state and location of the parts and components are
henceforth monitored. This high degree of trans-
parency in the logistics chain serves to avoid delays in
the provision of parts and components. In the as-
sembly area, the VPC uses a monitor at each hoisting
platform providing the workers with a virtual three-
dimensional copy of the respective vehicle. This tech-
nology assists theworkers in case they are unsure about
the correct assembly of individual parts. Both RFID and
the virtual prototypes therefore help to enhance process
reliability and responsiveness using technical mea-
sures. On the organizational side, steps are taken to
mitigate the effect of employee absences. Once the VPC
anticipates reduced personnel availability, the expected
personnel capacity in each period is reduced by 10%.
Consequently, the VPC utilizes only 90% of the ex-
pected capacity. Because of the decentralized structure

Figure 1. (Color online) The Planning Problem of the
Volkswagen Pre-Production Center

Notes. Each order is coordinated, scheduled for assembly between
release date and due date, and assigned to organizational units
(OUs). Because external manufacturing service is costly, the internal
manufacturing volume is sought to be maximized. Internal allo-
cation is constrained by two resources: personnel and hoisting
platform capacity.

Figure 2. (Color online) The Relative Personnel Requirement (Ordinate) Caused in the Periods of Assembly (Abscissa)
Depends on the Overall Duration of the Assembly Activity

Notes. In the figure, the bar charts represent typical assembly effort profiles for different overall durations of the assembly activity (i.e., modes of
assembly), ranging from 1 to 10 periods. These 10 profiles illustrate the typical durations of assembly activities at the VPC. Irrespective of an
order’s overall duration, however, its effort results to 100%. Relatively high effort arises in earlier and later periods of the assembly activity. This
can be observed particularlywell for orders with a long duration. Independent of the latter, any order requires one hoisting platform throughout
its assembly. Time units on the abscissa are illustrated in periods, and effort is scaled arbitrarily for confidentiality reasons.
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of OUs, each OU does detailed scheduling of the nec-
essary work to compensate for a possible delay in the
progress of a particular vehicle, as described earlier.
Using these measures, the VPC ensures timely com-
pletion of each vehicle and thus customer satisfaction.

Generally, the components required to assemble a
prototype vehicle are sourced ready-for-assembly.
Particular parts, however, have to be manufactured
by the VPC itself for a specific order and function.
A car dedicated to the testing of driving character-
istics, for example, is not required to feature a car
dashboard designed to increase customer percep-
tion of the car’s quality. Because these processes
cannot be scaled arbitrarily with higher personnel
commitment, the duration of the assembly activity
cannot be reduced below a specific limit. Conse-
quently, a lower bound on the assembly duration
applies to each order.

Finally, each order has a predetermined cost inter-
nally by the VPC for the assembly services provided,
independent of whether the vehicle is assembled in-
house or externally. The VPC aims to increase the
economic efficiency. The internal personnel capacity,
however, is assumed fixed in the short term. Capacity
scheduling seeks to avoid (costly) outsourcing activi-
ties by maximizing the internally accomplishable
manufacturing volume.

Related Work
According to the classification of the automotive
product development phases and the description of
the problem setting in the preceding sections, we
consider the (S.3.2) build phase within automotive
product development. To date, no recent research has
addressed the application of OR/MS methods to the
assembly phase of vehicle prototypes from a practical
perspective. Academically, the problem can be clas-
sified as a resource-constrained project scheduling
problem (RCPSP). In the RCPSP, the project to be
scheduled may comprise several independent activ-
ities. Each activity can, generally, start and end in
each of the considered periods. The activities con-
sume a prespecified quantity of resource units of one
or several resource types. Each activity is associated
with a predetermined duration and consumes a con-
stant amount of resource units throughout its periods.
The resource types are renewable; that is, their limited
capacity is available in each period at a constant level.
Finish times of each activity have to be determined to
minimize the finish time of the last activity subject to
the precedence relations between activities and the
constrained resource capacities (Demeulemeester and
Herroelen 2002). Recognized reviews of the vast body
of academic literature on project scheduling are, for

example, given by Brucker et al. (1999), Herroelen
(2005), and Hartmann and Briskorn (2010).
The RCPSP, however, suffers from too restrictive

assumptions to represent the capacity scheduling
problem we face at the VPC. Although resource ca-
pacities are available at a constant level in the RCPSP,
the personnel capacity of the VPC varies in time.
Therefore, our approach requires consideration of dy-
namic resource capacities (generalized resource con-
straints). In the RCPSP, one project is scheduled.
In our approach, we interpret each vehicle as an in-
dependent project that has to be coordinated (multiple
projects). Furthermore, we decide on an internal or
external realization of each order and opt for an in-
ternally beneficial portfolio (project selection). During
the planning, the technical requirements of the ve-
hicles are known only on an aggregated basis, and
their capacity requirements rely on estimates. There-
fore, we interpret each vehicle as a project comprising
only one (assembly) activity. Activities may be per-
formed utilizing multiple modes where each mode
represents an alternative combination of activity du-
ration and its resource request per period (generalized
activity concepts). This relates to the different assembly
effort profiles introduced in Figure 2 in which each
bar chart characterizes one of the potential modes.
Each project (and thus activity) depends on re-
lease and due dates (generalized temporal constraints).
Moreover, we pursue maximization of the internal
manufacturing volume of selected projects, whereas
time-related objectives (e.g., minimization of make-
span or tardiness) are most typical when scheduling
multiple projects (alternative objective).
We particularly emphasize the project selection ex-

tension.Whereas RCPSP requires detailed scheduling
of one project, our problem additionally comprises
project selection decisions regarding the internal and
external project portfolios. We therefore need to in-
tegrate decisions about the internal and external
project portfolios and their scheduling. In academic
literature, research associated with integrated project
selection and scheduling problems is scarce. Chen
and Askin (2009) propose an approach to simulta-
neously decide on a beneficial portfolio of general
research or development projects and the selected
projects’ schedule, aiming at profit maximization.
Their approach is extended byAmirian and Sahraeian
(2017) toward a multiobjective formulation to addi-
tionally consider the minimization of total costs and
unused capacity. Tofighian and Naderi (2015) sug-
gest a multiobjective approach toward project se-
lection and scheduling to maximize profit and min-
imize resource use between two consecutive periods.
Shariatmadari et al. (2017) proposemaximizing profit
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of the selected projects and additionally decide on an
increase or decrease in resource capacities at pre-
specified costs. Kumar et al. (2018) take mutual ex-
clusiveness and mutual complementariness of proj-
ects into account.

All of the contributions above propose opting
for profit maximization, which is an objective similar to
the maximization of the manufacturing volume we
pursue. These publications, however, commonly con-
sider the activity duration as constant. Furthermore, a
constant load of the resources over the activity’s du-
ration is assumed to conduct an activity. Therefore,
recent approaches toward simultaneously selecting
and scheduling projects are not suited to model the
dynamic effort per period as required for our ap-
proach (Figure 2).

To the best of the authors’ knowledge, Kolisch and
Meyer (2006) are the only ones to develop an ap-
proach to simultaneously select and schedule projects
where the load of the resources is dynamic and de-
pends nonlinearly on the chosen duration of the ac-
tivities. However, they do not consider release dates
of the jobs or activities and assume the resource ca-
pacity to be constant among all periods. For our
problem setting, we require the consideration of re-
lease dates and dynamic capacities. Furthermore,
Kolisch and Meyer assume each resource type to be
identically loaded by an order. Therefore, they do not
provide a suitable approach to differentiate hoisting
platform capacity (one capacity unit required per
order and period) and personnel capacity (dynamic
requirement throughout the assembly of the associ-
ated order). Based on the review of related work, we
decided to develop a customized approach to the
capacity scheduling problem the VPC faced in order
to allow for expedient real-world decision support
and evaluate the potential in terms of higher internal
manufacturing volume.

The Prototype
As approximately 500 orders have to be allocated
among 30 OUs, the VPC faces a tremendous number
of possible order allocations in their capacity sched-
uling every week. We consequently decided to utilize
OR/MS approaches for a systematic evaluation of
reasonable solutions. To this end, we developed a
binary integer programming model (BIP) as a first
step and compared the results of the current (manual)
planning procedure with the results from mathe-
matical programming. We provide the model for-
mulation in the appendix.

The objective function of the BIP maximizes the
internal manufacturing volume. Constraints ensure
that each order is assigned to exactly one OU and
receives a feasible assembly period (i.e., start of as-
sembly following the release date, completion prior to

the due date, andminimumduration respected). Both
personnel and hoisting platform capacities must not
be exceeded in any OU and period. Orders must not
be reallocated once having been started. We as-
sume the resource requirements of each order in each
period, as well as the resource capacities, as pre-
determined and deterministic. Whereas personnel
capacity is dynamic, we parameterize hoisting plat-
form capacity as constant. Furthermore, we assume
each period to comprise one day in a real-world
setting. For model simplicity, we make further as-
sumptions: although we model the internal OUs with
their personnel and hoisting platform capacity over
time explicitly, we consider the multitude of external
manufacturing service providers as one OU with
unlimited personnel and hoisting platform capac-
ities. This is in line with industrial practice as coor-
dination of the outsourcing process requires the man-
ual request of available capacities from the external
manufacturing service providers before order assign-
ment. The overall capacity of manufacturing service
providers in the region, however, is virtually unlim-
ited. Because our generic model formulation maintains
limited capacity for each resource type and OU, we
parameterize the external capacities using a sufficiently
large number. The modeling approach is further based
on the following assumptions: (i) Orders are charac-
terized by their volume, release date, due date, and
minimum duration. (ii) The volume of each order is
assumed to distribute among the distinct periods of its
assembly activity according to the predetermined as-
sembly effort profiles (Figure 2) depending on their
duration. (iii) OUs maintain independent hoisting
platform and personnel capacities, which cannot
be interchanged. (iv) Each order may generally be
assigned to each OU and hoisting platform. (v) The
necessary equipment and tools are available at each
hoisting platform. We validated these assumptions in
close cooperation with experts of the VPC, who con-
firmed that the model corresponds accurately to the
real-world system.
We implemented the BIP in Java 8 and used the Java

CPLEX API (version 12.7.1) as its solver. We read
input data from and wrote results to Microsoft Excel
spreadsheets using the Apache POI Java API. All
computations were run on a personal computer with
Intel Core i7-4710MQCPU@ 2.5 GHz and 8 GB RAM.
Before the evaluation of the results of our optimi-

zation approach, we needed to find the parameters of
the real-world decision situations to generate in-
stances for our model. We could gather the spread-
sheet files of 52 consecutiveweeks serving as the basis
for the manual planning process. From these files, we
were able to extract personnel and hoisting platform
capacities for the three internal OUs. The data also
contained information on fixed and planned order
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allocation, their estimated manufacturing volume
and effort per period, and realized start and end
dates. Unfortunately, we could not reconstruct in-
formation on release dates, due dates, and the min-
imum duration of orders from the data provided
by the VPC. In order to allow for a fair comparison
of both planning approaches, we assumed the or-
ders’ assembly duration to be fixed as determined by
manual planning.

Because the constructed real-world instances were
still too large to solve the BIP model, we made a
further simplifying assumption and merged the three
internal OUs. This aggregation offers more flexibility
in assigning the orders to personnel and hoisting
platforms. On the one hand, the solutions obtained
were thus likely to overestimate the potential of the
model-based planning approach when comparing it
with the manual planning currently conducted at the
VPC. On the other hand, this approach allowed us to
get an initial understanding of reasonable solutions to
the planning problem.

The comparison of the plans obtained by the BIP
with the manually generated plans revealed that on
average over all 52 instances the value of the objective
function (total manufacturing volume) increases by
38.7%, with a minimum improvement of 18.8% and a
maximum improvement of 68.8% (Table 1). This is
mainly due to better utilization of the personnel
available at the VPC (R2 = 0.93), which increases
between 7.9% and 68.1% and on average, by 35.9%.
The average hoisting platform utilization, though,
can only be increased slightly by 0.6%. For 23 in-
stances, the hoisting platform utilization even de-
creases in favor of higher utilization of the personnel
capacity. Overall, the potential for increasing the
internalmanufacturing volumewas found to be limited
if the personnel utilization in a manually determined
plan exceeded a value of 80%, indicating personnel
capacity to be the limiting factor. This holds for 6 out of
the 52 instances. In all other cases, the hoistingplatforms

are operated at their capacity limit, or the results of
manual planning allow for better utilization of both
resource types, respectively.
With regard to the characteristics of the portfolio of

orders, on average, more orders (+10.4%) with a
longer duration of the assembly activity (+12.3%) as
well asmore hours of assembly per order (+31.9%) are
selected by the BIP for internal assembly compared
with the manual planning. As expected, the results
reveal essential interdependencies between the fig-
ures analyzed. The average number of orders selected
for internal assembly decreases with an increasing
average duration of the assembly activity per order
and an increasing average of assembly hours per
order. Because of these interdependencies, some of the
figures become negative for some instances, making the
interpretation of the results ambiguous.
As a consequence, we additionally compared the

orders selected for internal assembly with those that
are outsourced to external manufacturing service
providers. We show the results in Table 2. Regarding
the duration of the assembly activity per order, we
find that the mean average duration of assembly
activity of an order assembled internally is lower than
the duration of outsourced orders. This holds for both
manual planning (19.3 days versus 22.9 days) and the
BIP (21.5 days versus 22.6 days). In 19 out of 52 in-
stances, the orders allocated internally by the BIP are
characterized by a higher average duration. Thus,
selecting orders with a long duration of the assembly
activity seems to have a positive influence on the
performance of the internal assembly plan. An even
more pronounced influence can be obtained for the
mean average hours of assembly per order. Here, in
contrast to the manual plan, the BIP selects orders for
internal assembly with substantially higher aver-
age hours (208.0 hours of assembly per order com-
pared with 140.3 hours for external manufacturing).
The number of instances for which the internal av-
erage hours of assembly per order exceed the external

Table 1. Evaluation of the Plans Obtained by Applying the Binary Integer Programming
Model (BIP) for All Instances in Terms of the Relative Deviation Between BIP Solutions and
Manual Planning for Different Parameters (Mean, Minimum, and Maximum Values)
Reflecting the Performance of the Optimization Approach and the Characteristics of the
Internal Portfolio of Orders Assembled

Improvements Mean Min Max

Performance measures
Total manufacturing volume (objective function) 38.7% 18.8% 68.8%
Utilization of personnel capacity 35.9% 7.9% 68.1%
Utilization of hoisting platform capacity 0.6% −12.3% 18.9%

Characteristics of orders assembled internally
Number of orders assembled 10.4% −10.3% 34.1%
Average duration of assembly activity per order 12.3% −6.5% 47.7%
Average hours of assembly per order 31.9% 7.8% 57.9%
Average hours of assembly per period 18.0% 2.7% 54.7%
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average hours of assembly per order increases from
27 to 52 instances in the case of the BIP.

Subsequently, we decided to analyze a further key
metric, namely, average hours of assembly per pe-
riod, which is determined based on the ratio of the
hours of the assembly to the duration of the assembly
activity for every single order. From Table 1 we can
derive that this figure has a positive value for all 52
instances. Moreover, the average hours of assembly
per period of the orders selected by the BIP for internal
manufacturing have a strictly higher value compared
with those assembled by external manufacturing ser-
vice providers (Table 2). Although this also holds for
the manual plans, the BIP plans reveal a much higher
deviation between the internal and the external mean
average hours of assembly per period (11.4 hours
versus 6.8 hours) compared with manual plan-
ning (9.4 hours versus 7.5 hours). Probably unaware,
the manual planner seemed to select orders with high
average hours of assembly per period for the internal
portfolio of orders yet without tapping the full poten-
tial compared with the BIP.

To increase the total internal manufacturing vol-
ume as intended by the VPC, we came up with the
idea of introducing a general planning rule to de-
termine preferred orders for internal assembly based
on our findings. Choosing orders particularly with
long duration yields no consistently beneficial solu-
tion throughout all instances—this rule aims at uti-
lizing hoisting platforms over time but neglects the
personnel capacity. Choosing orders with particu-
larly many hours aims to utilize the personnel—this
rule neglects the hoisting platform capacity over time.
Therefore, we considered the trade-off between the
two resource types as essential and suggested selecting
those orders that have a high ratio of hours of the as-
sembly to its duration. In utilizing this planning rule,

orders generating as much manufacturing volume
(hours) as possible per unit of hoisting platform ca-
pacity and time unit should be chosen.

The Decision Support System
After we presented the above results to managers of
the VPC, they wanted to exploit (some of) the po-
tential of the model-based planning approach. The
prototype implementation, however, raised some
drawbacks regarding its implementation for every-
day use. First, the BIP model suffered from the unjus-
tifiable aggregation ofOUs toward one internal and one
external OU. Second, Java code could impose secu-
rity issues on the Volkswagen IT systems; that is, a
lengthy approval process is required. Third, the use of
additional commercial software, for example, CPLEX,
should be avoided.
We consequently agreed on developing a tailored

planning algorithm for the problem. In industrial
practice, support systems are frequently based on
spreadsheets (LeBlanc and Grossman 2008). The VPC
also maintains preference toward spreadsheet-based
solutions because planners are familiar with their
functionality, and the spreadsheet software package
is available in the corporation. Additionally, the in-
tegration of spreadsheet solutions is uncomplicated
and assumed not to induce security issues. We con-
sequently decided to implement our decision support
system (DSS) in Microsoft Excel and utilize Visual
Basic for the algorithm. Besides the detailed consid-
eration of their organizational structure, the VPC
identified further requirements that a comprehensive
DSS should meet. These requirements represent ad-
ditional constraints for the resulting DSS compared
with the BIP.

Requirement (R.1)
First, the VPC desired the planning algorithm to
maintain adherence to the enterprise resource plan-
ning (ERP) data. If an order has not been considered in
capacity scheduling, the algorithm, therefore, pro-
poses an initial allocation and scheduling of the par-
ticular order. The planner returns this information to
the ERP system after its approval. Once one initially
planned the order, the DSS should henceforth maintain
this allocation if feasible regarding capacity restrictions.

Requirement (R.2)
Second, desirable allocations may be determined based
on corporate policy decisions. Irrespective of a benefi-
cial allocation, decision makers may require the as-
signment of particular projects (i.e., a set of similar
vehicle orders) to be preferentially (or even exclusively)
manufactured in a particular (internal or external)
OU or in a certain assembly period. The plan has to
adhere to these decisions. When facing internal unused

Table 2. Comparison of the Orders Selected for Internal and
External Manufacturing for Manual Planning and the
Application of the Binary Integer ProgrammingModel (BIP)
for All Instances

Improvements Manual BIP

Average duration of assembly activity per order
Mean internal 19.3 21.5
Mean external 22.9 22.6
# Instances internal > external 0 19

Average hours of assembly per order
Mean internal 159.2 208.0
Mean external 153.8 140.3
# Instances internal > external 27 52

Average hours of assembly per period
Mean internal 9.4 11.4
Mean external 7.5 6.8
# Instances internal > external 52 52

Note. The results for the average hours of assembly per period
suggest the advantage of the BIP for planning purposes.
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capacity, orders may be reallocated from external to
internal OUs (reinsourcing). Here, decision makers
may maintain preferences regarding the external OUs
from which orders should preferably (or not at all)
be retrieved. A comprehensive DSS, therefore, re-
quires a rank order for retrieving orders from external
manufacturing locations.

Requirement (R.3)
Third, further dynamic effects have to be considered
in the planning approach. The outsourcing process
requires preliminary lead time for contractual and
logistical preparation. Consequently, orders with a
planned start date within a specified period in the
future (e.g., one week) must not be reallocated from
internal to external OUs.

Requirement (R.4)
Fourth, the interface to the operational system should
be as close as possible. We therefore stored the re-
quired order data in a data warehouse. The data are
updated every two hours to process recent informa-
tion. Using a structured query language (SQL) server
query within the spreadsheet-based solution, we re-
ceive the order data from the data warehouse. The data
warehouse contains, for example, information regard-
ing both planned and realized start and end dates and
the assigned OU of each order.

Requirement (R.5)
Fifth, a user-friendly interface is required that allows
for hands-on interaction and improves the system’s
acceptance among the users.We opted to use colors to
indicate different events in the planning tool con-
sistently throughout the DSS. For example, we indi-
cate whether data are allowed to be manipulated
manually, such as planning results in blue-shaded
cells, or may not be manipulated manually, such as
external information shown in white-shaded cells.
Furthermore, we highlight updated information vi-
sually after the data synchronization using orange-
shaded cells. Additionally, a feasibility check of data
from the data warehouse is implemented to indicate
inconsistent data sets using red-shaded cells. Dif-
ferences between the ERP data and the results of the
planning algorithm are highlighted in yellow-shaded
cells (Figure 3). The resulting quality of the plan
generated by the algorithm is to be reported visually
subdivided by OU. Here, personnel and hoisting plat-
form utilization is of particular importance (Figure 4).

During the concept phase of the DSS, we faced two
significant challenges: determining the structure and
interface of the spreadsheet model and developing an
efficient planning algorithm. First, we introduced the
main sheet comprising all relevant information on

orders, that is, information from the data warehouse
and the planning results. The main sheet additionally
serves to control the automated functions such as data
synchronization and launch of the planning algo-
rithm. Although we obtain information on orders
from the data warehouse, no exogenous source ex-
ists for information on OUs or preferences of decision
makers. Therefore, we introduced additional sheets
for the administration of master data to maintain
the number of available hoisting platforms and per-
sonnel capacity over time. Additionally, decision
makers may determine desirable OUs for particu-
lar vehicles based on (arbitrarily detailed or aggre-
gated) project codes. Furthermore, they may provide
a rank order of external OUs to prioritize the real-
location of orders from external to internal OUs in
case of internal unused capacity (reinsourcing). An
archive contains completed orders and additionally
serves as a taboo list of orders that have been entered
erroneously and are not (or no longer) to be taken
into account.
The algorithm utilizes a tripartite approach for

capacity scheduling: (1) initialization, (2) constructive
method, and (3) improvement method. During the (1)
initialization, order information in the DSS synchro-
nizes with the data warehouse, and changes in data
are highlighted. We use an object-oriented approach
and convert order information from the spreadsheet
into Visual Basic objects, which we utilize for the
subsequent calculations.
Within our (2) constructive method, we adapt the

well-known greedy drop heuristic introduced by Ignizio
(1980), which is particularly well suited for 0-1 se-
lection problems. After disregarding capacity con-
straints, each order is assigned to an OU and as-
sembly period. The initial allocation is based on
either existing ERP data (preferential) or the decision
makers’ preferences (subordinate). This approach
maintains existing allocations as preferred. However,
it typically results in unbalanced solutions amongOUs.
Throughout the planning horizon, high overutilization
of the internal OUs occurs predominantly, while pe-
riods with idle capacity may also exist. Therefore, we
firstly strive for a more even distribution of overload.
For each internal OU, we identify periods with idle
capacity and assign an order from a simultaneously
overloaded OU. We choose the order to be reassigned
according to the planning rule derived from applying
the BIP. Thus, the DSS selects the order with the highest
ratio of hours of assembly to duration of assembly
activity subject to the conditions that (i) its assembly
period exceeds the overloadedperiod, (ii) it has not been
fixed, and (iii) it may feasibly be assigned to the OU
experiencing idle capacity. This procedure is repeated
until the reassignment of internal orders can utilize
no idle capacity.
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Typically, the solutions obtained by this procedure
still do not comply with the capacity restrictions.
Therefore, orders satisfying the requirements men-
tioned above, (i)–(iii), are iteratively outsourced
(dropped) in the next step. Additionally, these orders
have to (iv) satisfy the preliminary lead time for out-
sourcing processes. Among orders compliant with
these requirements, we outsource the order with the
lowest ratio of hours of assembly to its duration. This
process is repeated until the plan satisfies the capacity
restrictions in any period and OU.

Orders dropped to satisfy capacity compliance in
one particular period release additional capacity in
neighboring periods. Striving to utilize this remaining
capacity,we apply an (3) improvement method on orders
reserved for subcontracting (preferential) and orders
yet assigned to external OUs (subordinate) that may
potentially be reinsourced. As shown above, the
hoisting platform capacity can be assumed to be
predominantly constraining. Thus, we try to shorten
the duration of the orders’ assembly activity by three
means of manipulation to fit additional orders: post-
pone the start date, move the end date forward, or
both. If an order can utilize idle capacity in an internal
OU without generating overload, it is reinsourced to

this OU. This process is repeated until no order can be
reinsourced without violating capacity restrictions. We
provide the pseudocodes of the constructive and im-
provement method in the appendix.
Figure 5 summarizes the performance of the DSS in

comparison with the manual planning approach and
the BIP in terms of internal manufacturing volume as
well as the utilization of available capacity (personnel
and hoisting platforms). Given are the mean values
over all 52 instances. Based on this stylized illustra-
tion, we were able to prove that the algorithm of
the DSS is capable of realizing a significant share of
the improvement potential determined through the
BIP. On average, the algorithm increased the internal
manufacturing volume by 25.4% when compared
with manual planning results, and the personnel
utilization increased by 26.2%, whereas the hoisting
platform utilization remained almost the same. The
BIP, however, systematically overestimates the likely
increase in manufacturing volume owing to the ag-
gregation of the capacity of the internal OUs. We
cannot generate further improvement potential be-
cause of the additional requirements of the VPC.
In particular, the requirement (R.1) additionally re-
stricts the algorithm’s possible scope for action.

Figure 3. (Color online) Main Sheet of the Decision Support System (DSS)

Source. Used with permission from Microsoft.
Note. Input data are automatically read from ERP and serve as parameters for the capacity scheduling problem. Planning results generated by
the algorithm are written to the sheet after computation. Planning results may be manipulated manually. The DSS automatically illustrates
inconsistent ERP data and planning results differing from ERP data. All comfort and planning functionality is based on Visual Basic and called
using the buttons at the top of the spreadsheet. Data illustrated are generated arbitrarily because of confidentiality reasons.
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Compared with the BIP, the DSS picks orders with a
similar ratio of hours of the assembly to its duration
based on the planning rule implemented in the con-
structive method. The improvement method generally
selects more and shorter orders.

Based on the obtained results, we estimated the cost
savings potential for the VPC at up to €2,000,000 per
year, which would be paid to external manufacturing
service providers otherwise. Thus, we attribute the
full savings potential to the reduced amount of out-
sourcing activities. Although the number looked quite
impressive, we communicated that it is subject to the
extent to which the VPC manually refines the plans
based on the decision makers’ preferences (R.2).
Furthermore, the extent of dynamic effects to be con-
sidered in the planning approach (R.3) may negatively
affect the quality of the resulting feasible plans.

Beyond the improved quality of the plans and the
resulting cost savings potential, the application of the
DSS exhibits further benefits compared with the BIP
and manual planning. Although all three approaches
can handle more than 500 orders to be scheduled,
which is entirely sufficient for the VPC, only the DSS
allows assigning the orders to a reasonable number
of OUs within a short time. As in manual planning,

30 different OUs are modeled in the DSS, enabling the
consideration of 27 external manufacturing service
providers working for the VPC (Figure 4). Although
the effort of the manual planner is roughly five hours
a day, the DSS needs, on average, 356 seconds (min:
246 seconds,max: 494 seconds) to determine a feasible
plan for each of the considered instances. Similar
solution durations are obtained for the BIP (mean: 271
seconds, min: 139 seconds, max: 445 seconds). The
BIP, however, is limited to just one internal and one
external organizational unit and therefore suffers
from limited usability.
Regarding daily use in the VPC, all three ap-

proaches can be considered to be easily adaptable to
change. Mainly, this holds for a short-term adjust-
ment of the considered orders and a midterm ad-
justment of the personnel and hoisting platform ca-
pacity, which are the most likely aspects underlying
change. However, the approaches substantially differ
in terms of their ease of use. Manual planning heavily
relies on expert knowledge of the planner. Because of
the high complexity and effort to manage all neces-
sary data and determine feasible plans, nobody else
can act in place of the responsible planner. For the
BIP, expert knowledge is also required because the

Figure 4. (Color online) The Utilization of Personnel and Hoisting Platforms Is Reported Using Utilization Diagrams
Individually for the Different Organizational Units (OUs) in the Decision Support System (DSS)

Source. Used with permission from Microsoft.
Note. Colors are used to differentiate between the resource types. Available and utilized hoisting platform capacity is illustrated on the right-side
scale using lines. Personnel utilization is illustrated on the left-side scale differentiated by completed orders, started orders, and planned orders
using bars. Diagrams are generated using Visual Basic functionality. Data illustrated are generated arbitrarily because of confidentiality reasons.
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planning approach is implemented in Java andmakes
use of CPLEX as a solver. Only members of the ac-
ademic team have this knowledge—none of the em-
ployees of the VPC do. In contrast, the application of
the DSS is hands-on thanks to its implementation in
Microsoft Excel as well as its interfaces to the
company-wide ERP system and the comprehensive
planning functionality realized with the help of Vi-
sual Basic. For these reasons, the tool proved to be
easily applicable for several employees of the VPC
after a brief introduction, which allows them to cover
for the responsible planner in case of absence.

Test Implementation, Impact, and Rollout
In the next step, we agreed with the management of
the VPC on a pilot test in which our planning tool was
fed with ERP data to generate schedules for 60 days
with a rolling planning horizon. The resulting plans
were compared twice a week with the worksite plan-
ners. These meetings, on the one hand, served to vali-
date the generated schedules and to build confidence in
the DSS. On the other hand, we gave tutorials on how
to use the DSS, and specific instructions were made
available in an Excel sheet.

During the two-month pilot test, we experienced
some challenges as most of the logic of the DSS is
implemented in Visual Basic and works in the back-
ground. To solve this, we invested much time in
explaining the theory behind themodel, the underlying
assumptions, and the implemented planning rules. This
helped the members of the VPC, who were not familiar
with OR/MS methods, to get a better understanding
of our planning approach.

At the end of the pilot test, wewere able to convince
the worksite planners and also the managers at
the VPC that our tool can be used for capacity

scheduling to support everyday planning. As expected,
the generated plans exhibited excellent quality and
significantly increased the utilization of person-
nel and, thus, the internal manufacturing volume.
However, they needed to be manually refined owing
to specific corporate requirements and preferences
mentioned above, resulting in a less efficient alloca-
tion of orders to internal and external OUs. As a
consequence of these adjustments, the VPC estimated
the cost savings to lie in the six-digit euro range
per annum.
In addition to these cost savings, a further sub-

stantial benefit resulted from a decreased internal
planning effort, which gives the VPC more time to
concentrate on the continuous improvement of their
planning processes. Mainly, this holds for the plan-
ner responsible for capacity scheduling at the VPC.
Whereas formerly it took this person roughly five
hours a day to determine feasible plans, she can
now concentrate on tasks of higher quality. This has
resulted in considerably improved data management
and data transparency, making the application of the
DSS even more valuable. The deployment of the tool
therefore did not lead to any cost savings in per-
sonnel but did lead to more effective utilization of
the planner.
A further positive impact related to the rollout of

the DSS is the improved maintenance of the planning
data by the responsible employees. Because we based
the planning on ERP data, higher data transparency
and improved data control mechanisms were estab-
lished. Therefore, employees have gained a common
understanding of the importance of data mainte-
nance. Based on the tool, they can directly perceive
what their data are used for and how bad data neg-
atively influence planning quality.

Figure 5. (Color online) Comparison of the Results of Our Decision Support System (DSS) with Manual Planning and the
Results of Our Prototype Based on Binary Integer Programming (BIP) in Terms of Obtained Mean Values for Internal
Manufacturing Volume, Personnel Utilization, and Hoisting Platform Utilization over All 52 Instances

Note. Levels are scaled arbitrarily because of confidentiality reasons.
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Enablers of Project Success
During the project, we faced several challenges in
developing the DSS, rolling it out at the VPC, and
convincing all stakeholders of our ideas and the ap-
proach taken. In this context, we figured out the
following enablers that heavily contributed to the
success of the project; these enablers might serve as
essential lessons learned for executives andmodelers.

The first significant milestone in the cooperation
between theVPC and these authors is a relationship of
mutual trust and the general openness of the VPC to
OR/MS methods developed by academia. This was
first established well in advance of the project. In a
series of workshops with managers of the VPC, we
discussed a variety of particular planning problems.
For a selection of these planning problems, we pre-
sented state-of-the-art solutions from academia and
played several customized business games. For ex-
ample, we played the “beer distribution game” to
introduce the bullwhip effect and to sensitize the
importance of coordination of corporate processes
(Sterman 1989). Also, we asked the managers to man-
ually determine solutions to a simple (S.2.2) production
system design problem we developed. Subsequently,
we presented an optimization model that out-
performed the managers’ solutions regarding both
quality and time. This way, the managers experienced
the limitations of manual planning approaches in
complex decision situations and the potential of OR/
MS methods as a suitable approach to overcome
these limitations.

Because of these workshops, we gained the valu-
able support of the management of the VPC from the
beginning, facilitating a successful composition and
collaboration of the project team and the deployment
of effective project management, and gained access to
all critical data sources. The project team was com-
posed of the head of VPC’s assembly department, the
planner responsible for capacity scheduling, an as-
sembly employee, the head of data acquisition, an
employee of the IT department, and the authors of
this contribution. The assembly employee helped us
considerably to understand all processes and require-
ments based on his comprehensive and longstanding
experience in assembling prototype vehicles. The IT
employeewasmainly responsible for database queries in
consultation with further team members. This fruitful
cooperation between the planning department, the IT
department, and academia was of the utmost impor-
tance for project success and would not have been
possible without the full support of management.

Concerning the project management, we decided
to utilize an agile procedure following the Scrum
framework well known from software development
projects. To this end, the work was broken down into

small prioritized tasks to be completed within short
time intervals. Moreover, intensive communication
was supported among all team members about the
project status, the need formodifications, and the next
steps. By that, we enabled close cooperation aswell as
quick response and high adaptability to changing
requirements, resulting in a perfect fit for the tool and
high acceptance among all stakeholders during the
course of the project.
We identified quick achievements to be equally

crucial for the success of the project. At the beginning
of the project, especially the employees concerned
with capacity scheduling were skeptical about our
model-based approach because the tool interferes
with and partially restricts their daily business rou-
tines. In this context, quick achievements helped us to
convince the employees of the immediate benefits
resulting from the application of the novel planning
tool. The manual planner mainly benefits from the
possibility of concentrating on tasks of higher quality,
as described earlier. Moreover, the work of the
manual planner and the team’s work is supported by
a good overview of all relevant data, which are in line
with the ERP data, and a hands-on and meaningful
visualization of key metrics such as the utilization of
personnel and platforms of a specific OU. These
features also allow for quick achievements for the
management, immediately improving their reporting
tasks on key metrics such as assembly durations and
the number of orders assembled.

Conclusions
The managers of the VPC had been well aware that
the utilization of theirmanufacturing personnel could
be improved to reduce costs for external manufacturing
services. They could not estimate the full cost-saving
potential associated with improved capacity schedul-
ing. Given the complexity of the planning problem at
hand and the variety of requirements and constraints
from industrial practice that needed to be taken into
account, they asked the authors of the contribution at
hand for support. The outcome of this collaboration is
a well-suited decision support system for capacity
scheduling based on OR/MS methods that has proved
its potential for better utilization of internal resources
and a reduction of outsourcing activities.
Although we were able to formulate a BIP proto-

type for the capacity scheduling problem, it would
not have been possible to utilize this within an ade-
quate DSS. This is mainly because of the unjustifiable
aggregation of OUs toward one internal and one
external OU, which was required to achieve ade-
quate computational efforts. Indeed, developing a
spreadsheet-based solution using a heuristic approach
ensured the acceptance of the DSS by the worksite
planners and managers. Even though this approach
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does not yield optimal solutions, it is easy to understand
and operate, is well suited for integration in the existing
systems, and realizes a significant proportion of the il-
lustrated potential for improvement.

Because of the documented applicability of the DSS
for industrial planning purposes at the VPC, it was
decided to transfer our considerations into neighboring
departments in the next project phase. Currently, we
are working to improve capacity scheduling in the lo-
gistics department. This way, interdependencies be-
tween assembly and logistics can be taken into account,
withadditionalpotential for improving the utilization of
internal resources by a better match of material de-
mand and supply. Moreover, we started discussions
with a department responsible for prototype vehicle
management on how to utilize OR/MS methods in
order to reduce the total number of prototype vehicles
required for testing purposes.
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Appendix
Notation
The initial evaluation of the inherent potential of the
planning problem under consideration is based on binary
integer programming. In the following, we provide the
notation of sets and parameters.

We define the following sets and subsets:
• P: set of orders, index i∈P � {1, . . . , n}.
• Previse ⊆P: subset of orders that may be reassigned by the

decision makers.
• Pfreeze ⊆P: subset of orders that may not be reassigned.
• K: set of organizational units, index k ∈K � {1, . . . , k̄}.
• Kinternal ⊆K: subset of internal organizational units.
• Kexternal ⊆K: subset of external organizational units.
• G: set of resource types, index g∈G � {1, . . . , ḡ}.
• T: Set of time periods, indices s, e ∈T � {1, . . . , t̄}.
• A: Set of feasible assembly durations in periods, indices

l, d∈A � {1, . . . , d̄}.
We use the following parameters:
• Vi: assembly hours required for order i ∈P.
• ri: release date period of order i∈P.
• di: due date period of order i∈P.
• pi: minimum duration of order i∈P in periods.
• OUi: organizational unit to which order i ∈Pfreeze is

assigned.
• ζigld: units of resource type g∈G demanded by order

i∈P in its assembly period l∈A, where i is assembled in d∈A
periods with l≤ d.

• cgkt: available capacity units of resource type g∈G in
organizational unit k ∈K and period t∈T.

Optimization Model
To model the capacity scheduling problem under consid-
eration, we consider the following decision variables.

• αi �
{
1, if order i∈P is produced internally;
0, else.

• xikse �
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
1,

if order i∈P is assigned to organizational
unit k ∈K, for start period s∈T and end
period e∈T;

0, else.

We determine the allocation and scheduling of the or-
ders by solving the following binary integer programm-
ing model:

max
∑n
i�1

αi ·Vi (A.1)

subject to

∑
k∈K

∑t̄
s�1

∑t̄
e�1

xikse � 1 ∀ i∈P. (A.2)

∑
k∈K

∑̄t
s�1

∑̄t
e�1

s · xikse ≥ ri ∀ i∈Previse. (A.3)

∑
k∈K

∑̄t
s�1

∑̄t
e�1

e · xikse ≤ di ∀ i∈Previse. (A.4)

∑
k∈K

∑t̄
s�1

∑t̄
e�1

(e − s + 1) · xikse ≥ pi ∀ i ∈Previse. (A.5)

∑
k∈Kinternal

∑t̄
s�1

∑t̄
e�1

xikse � αi ∀ i ∈P. (A.6)

∑n
i�1

∑t
s�1

∑̄t
e�t

xikse · ζi,g,t−s+1,e−s+1 ≤ cgkt ∀ g∈G, k ∈K, t ∈T. (A.7)

xiOUi ri di � 1 ∀ i ∈Pfreeze. (A.8)
αi ∈ {0,1} ∀i∈P. (A.9)
xikse∈{0,1} ∀ i∈P, k∈K, s,e∈T. (A.10)

This binary integer programming model maximizes the
overall manufacturing hours produced internally, which is
associated with the orders allocated to internal organiza-
tional units.Whether an order i∈P is allocated to an internal
organizational unit is denoted in binary variables αi (A.1).
The binary decision variables xikse encode all relevant in-
formation on each order. Constraints (A.2) ensure that
order i ∈P is assigned to exactly one organizational unit
k ∈K, for start period s ∈T and completion period e∈T.
A release date period ri and a due date period di are as-
sociated with each order i∈P. Constraints (A.3) ensure that
each order must not start before its release date period.
Constraints (A.4) denote that each ordermust be completed
prior to or on its due date period. Each order is associated
with a minimum duration of pi periods. Compliance of the
chosen start and end periods with the minimum duration
is observed by constraints (A.5). Constraints (A.6) define
variables αi such that αi � 1 if order i∈P is assigned to an
internal organizational unit; αi � 0, otherwise. The avail-
able resource capacities must not be exceeded in any or-
ganizational unit or period. This is guaranteed by con-
straints (A.7). Orders with start of assembly realized in
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Pseudocode of the Constructive Method
// distinguish between started, finalized, and future orders

For Each order x
If assembly of x has finalized Then

Assign x to set of finalized orders Sf .
Else If assembly of x has started Then

Assign x to set of started orders Ss.
Assign and fix start date and OU of x as realized, assume end date as provided in ERP.
Reserve remaining capacity requirements.

Else
Assign x to set of terminable orders St.

End If
Next
// compute the initial assignment of terminable orders
For Each x in St

Assign planned start and end dates of x as given in ERP.
If planned OU of x is given in ERP Then

Assign x to given OU.
Else

Assign x to decision maker’s preferred OU.
End If

Next
// reallocation of orders among internal OUs to balance capacity overload
For Each period t in planning horizon

For Each internal OU1
For Each internal OU2 ≠OU1

If personnel or hoisting platforms overloaded in OU1 and t and idle personnel and hoisting
platform capacities in OU2 and t Then

For Each x in St
If x is assigned to OU1 and planned start date of x < t and planned end date of x > t

and OU of x is not fixed and OU2 is not taboo for x Then
Add x to temporary set Stemporary.

End If
Next
While idle personnel and hoisting platform capacities in OU2 and t

Reassign order x∈ Stemporary with the highest hourly density to OU2.
Remove x from Stemporary.

End While
Clear Stemporary.

End If
Next

Next
Next
// drop orders until assignments are compliant with capacities in any internal OU and period

For Each period t in planning horizon
For Each internal OU1

If personnel or hoisting platforms overloaded in OU1 and t Then
For Each x in St

If x is assigned to OU1 and planned start date of x < t and planned end date of x > t and
OU of x is not fixed and x is not forced to internal assembly and outsourcing lead time

is respected
Then

Add x to temporary set Stemporary.
End If

Next
While personnel or hoisting platforms overloaded in OU1 and t

Reserve order x ∈Stemporary with the lowest hourly density for subcontracting.
Remove x from Stemporary.

End While
Clear Stemporary.

End If
Next

Next
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Pseudocode of the Improvement Method
// compute relevant orders subject to improvement

For Each x in St
If x is reserved for outsourcing Then

Add x to temporary set Sreserved.
Else If x is assigned to external OU Then

Add x to temporary set Sexternal.
End If

Next

// preferential improvement: re-insource orders reserved for outsourcing (but not yet assigned to
particular OU)

For Each x in Sreserved
For Each internal OU1

For scenario = 1 to 21
Case 1: Increase originally planned start date by 1.
Case 7: Increase originally planned start date by 7.
Case 8: Decrease originally planned end date by 1.
Case 14: Decrease originally planned end date by 7.
Case 15: Increase originally planned start date and decrease originally planned end date by 1.
Case 21: Increase originally planned start date and decrease originally planned end date by 7.
If planned end date of x – planned start date of x > 0 and assignment of x to OU1 is compliant
with hoisting platform and personnel capacities Then

Assign x to OU1.
Continue with next x.

End If
Next scenario

Next
Next

// subordinate improvement: re-insource orders with yet assigned external OU

For Each OU1 to be re-insourced prioritized
For Each x in Sexternal

If x is assigned to OU1 Then
For Each internal OU2

For scenario = 1 to 21
Case 1: Increase originally planned start date by 1.
Case 7: Increase originally planned start date by 7.
Case 8: Decrease originally planned end date by 1.
Case 14: Decrease originally planned end date by 7.
Case 15: Increase originally planned start date and decrease originally planned

end date by 1.
Case 21: Increase originally planned start date and decrease originally planned end

date by 7.
If planned end date of x – planned start date of x > 0 and assignment of x to OU2 is
compliant with hoisting platform and personnel capacities and OU2 is not taboo for x
and outsourcing lead time is respected Then

Assign x to OU2.
Continue with next x.

End If
Next scenario

Next
End If

Next
Next

Weckenborg et al.: Volkswagen Applies OR to Optimize Capacity Scheduling
134 INFORMS Journal on Applied Analytics, 2020, vol. 50, no. 2, pp. 119–136, © 2020 INFORMS



prior periods must not be reassigned to a different OU or
end period by constraints (A.8). Constraints (A.9)–(A.10)
serve to define the domain of the decision variables.
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Verification Letter
Peter Bartels, Director, Pre-Production Center, Volkswa-
gen AG, 38436 Wolfsburg, Germany, writes:

“I am writing to you on behalf of the Pre-Production
Center of Volkswagen AG in Wolfsburg, Germany, to
confirm the application of OR/MS and its results as re-
ported by Christian Weckenborg, Karsten Kieckhäfer,
Thomas S. Spengler, and Patricia Bernstein.

“The decision support system developed by the team of
Mr. Spengler accurately depicts our needs: increase in per-
sonnel utilization by advanced planning logics along with
more accurate and robust allocation of personnel, and de-
crease in planning effort due to automated planning. By using
the developed decision support system, we expect an annual
reduction of costs in the six-digit euro range due to fewer
outsourcing activities and decreased internal planning effort.

“We are highly satisfied with the achievements of
Mr. Spengler’s team. Their results motivate us to continu-
ously collaboratewith university researchers in the OR/MS
field on innovative topics such as the one submitted to your
journal. We are currently expanding our collaboration with
Mr. Spengler’s team and work on additional promising
topics in order to further improve the planning processes at
the Pre-Production Center.”

Christian Weckenborg is a PhD student at the Chair of
Production and Logistics at the Institute of Automotive

Management and Industrial Production at Technische Uni-
versität Braunschweig, Germany. He holds an MSc degree in
industrial engineering with majors in operations manage-
ment and economics. His research interests are in the design
and control of manufacturing systems, focusing on mixed-
integer modeling and optimization.

Karsten Kieckhäfer is a professor of production and lo-
gistics management at FernUniversität in Hagen, Germany.
He holds a diploma in industrial engineering and a PhD in
business administration, both from Technische Universität
Braunschweig, Germany. His research is mainly centered on
modeling and analyzing problems of production, logistics,
and sustainabilitymanagement. Hiswork has been published
in Transportation Science and European Journal of Operational
Research, among others.

Thomas S. Spengler is a professor of production and lo-
gistics management and director of the Institute of Auto-
motiveManagement and Industrial Production at Technische
Universität Braunschweig, Germany. His research interests
cover the conceptual development and implementation of
techno-economic models for decision support. His work has
been published in a variety of academic journals, including
Transportation Science, European Journal of Operational Research,
and Journal of Cleaner Production.

Patricia Bernstein is the head of the manufacturing de-
partment of the Pre-Production Center of Volkswagen in
Wolfsburg, Germany. She is responsible for the logistics
and manufacturing of the entire prototype assembly of the
Volkswagen brand and accounts for the timely completion of
approximately 4,000 prototype vehicles annually. She re-
ceived her MSc in international business from Maastricht
University, Netherlands.
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