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We developed a decision support system (DSS) for the aircraft
maintenance department of KLM Royal Dutch Airlines at
Schiphol Airport. This department inspects and maintains air-
craft during their ground time at the airport. Its main resource
is its workforce. Since January 1990 the DSS has supported
management in analyzing several capacity planning problems
related to the size and the organization of the workforce. In
particular, management uses the DSS to determine the appro-
priate number of maintenance engineers and their training re-
quirements, and to analyze the efficiency and effectiveness of

the maintenance department.
[< LM Royal Dutch Airlines has been

the major Dutch carrier since 1919.
KLM's home base is Schiphol Airport near
Amsterdam. Currently (1993), KLM owns
about 90 aircraft of eight different types.
With this fleet, KLM operates flights to
about 150 cities in 79 countries. Of course,
the safety of passengers and crew has top
priority. To guarantee safety, KLM carries
out high quality aircraft maintenance, rely-

ing on about 3,000 employees in its
maintenance department. They also carry
out maintenance operations on aircraft be-
longing to about 30 other carriers that
have maintenance contracts with KLM.
Preventive aircraft maintenance consists
partly of major inspections and partly of
minor inspections. Major inspections are
performed in KLM's hangars after a certain
number of flight hours, depending on the
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aircraft type. Major inspections take from
several hours to several months. The long-
est major inspections may involve checking
all the individual parts of an aircraft. Mi-
nor inspections are conducted during the
ground time between arrival and departure
at the airport. A minor inspection, also
called a project, includes the following ser-
vices:

—Arrival services, which consist of fixing
ground power supply, compiling a list of
technical complaints based on the crew’s
flight records, and collecting resources
(such as mobile cranes and scaffoldings)
for the platform services,

—Platform services, which consist of check-
ing the technical state of the aircraft and, if
necessary, performing repairs, and
—Departure services, which consist of per-
forming a final technical check of the air-
craft,

Maintenance engineers from KLM's air-
craft maintenance group VOC (Vliegtuig
Onderhoud Centrum in Dutch) carry out
these tasks. The workload of KLM-VOC's
technical staff is mainly based on
—KLM's timetables and those of other car-

riers,

—Contracts with other carriers, and
—Maintenance standards.

The maintenance standards specify (1) in
which time interval KLM must schedule
each service, (2) how much time must be
spent on each service, and (3) the skills re-
quired for each service (there exist me-
chanical-, electrical-, or radio-skilled engi-
neers). Usually, maintenance standards are
specified by aircraft manufacturers, gov-
ernments, and the carriers themselves.
KLM's timetable and those of other carriers
usually have cyclical patterns, with a cycle
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length of one week. As a result, the work-
load of KLM-VOC also shows a cyclical
pattern. Furthermore, the workload on an
average day shows some clearly distin-
guishable peaks, caused by KLM’s desire to
limit the waiting times for transit passen-
gers. For example, early in the morning a
stream of intercontinental flights arrives at
Schiphol Airport. Shortly thereafter a
stream of continental flights departs from
Schiphol Airport to several destinations in
Europe.

KLM wants to increase the utilization
rate of its fleet and to smooth the workload
of its ground service departments. It can
accomplish the latter by increasing the
number of peaks and reducing the size of
the peaks. KLM-VOC'’s management is in-
terested both in aggregated and in more
detailed information on the workload pat-
tern, since this provides valuable insights

KLM wants to smooth the
workload of its ground service
departments.

into the size and organization of the work-
force it needs. Figure 1 shows a typical
workload pattern.

KLM-VOC's workforce consists of about
250 ground engineers and 150 nontechni-
cal employees. The ground engineers are
highly skilled and well-trained employees,
since their job is a very responsible one. A
governmental rule specifies that an engi-
neer is allowed to carry out inspections on
a specific aircraft type only if licensed for
that aircraft type. Besides a license for an
aircraft type, an engineer also has a spe-
cific skill for mechanical, electrical, or radio
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Figure 1: The workload between Saturday midnight and Sunday midnight for mechanical en-
gineers contains at most 11 parallel jobs on A310s, 15 parallel jobs on B737s, and 27 parallel

jobs on B747s.

operations. The engineers obtain their li-
censes for aircraft types and skills by at-
tending training programs consisting of
theoretical and practical courses, field
training, and exams. Depending on the en-
gineer’s experience, it takes several months
to several years to complete a training pro-
gram. In addition to inspections that re-
quire licensed and skilled employees,
KLM-VOC carries out a small number of
jobs for which no license is required.

It would be preferable if all engineers
had licenses for all aircraft types and all
skills. Then, they would be totally flexible.
However, KLM’s internal safety rules limit
engineers to licenses for at most two air-
craft types and one skill.

The engineers operate in teams, which
are KLM-VOC’s smallest organizational
subunits. Currently there are 12 teams of
about 20 engineers each. KLM assigns en-
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gineers to teams so that the teams are al-
most identical with respect to their avail-
able licenses and skills (Table 1).

The teams operate in a four-shift system
with an early day shift from 6:00 Am to

Skills
Licenses Mechanical  Electrical Radio
A310/B747 2 1
B737/B747 1 1
B737/DC10 1 1 1
A310/B737 1 1
A310/DC9 1 1 1
A310 1 1
B747 3 1 1

Table 1: Each maintenance team has 20 engi-
neers, each having a specific license-skill
combination. For example, two engineers in
the team have obtained a mechanical skill
with licenses for A310 and B747.
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3:00 rwm, a late day shift from 10:00 AMm to
6:00 PM, an evening shift from 3:00 pm to
11:00 pMm, and a night shift from 11:00 pm
to 6:00 AM (Figure 2). The assignment of
teams to shifts is constrained by several
governmental, union, and internal KLM
rules. For instance, the average number of
shifts per week for each team should be
five, and each team should have at least
one day off between a night shift and the
next day shift.
Managerial Problems

The managers’ main problem is to find a
good match between workload and work-
force. The elements that play a role in this
match are time tables, maintenance norms,
and contracts for the workload, shifts, and

teams of the workforce (Figure 3).

The quality of the match in a certain
planning period (day, week, or month) is
expressed in terms of the service level and
the utilization rate. These performance in-
dicators are defined as follows:
service level

# of maintenance jobs
_carried out in time

total # of maintenance jobs
utilization rate

~ total # of productive man hours

total # of available man hours
The main consequences of a bad match are

—A low service level, caused by too high
utilization of the workforce. A low service
level corresponds to delays, which should

D Early day shift

Evening shift

Late day shift

B Night shift

|

.

L

0.00
Sunday

Figure 2: In this scheme for a typical Saturday, each team of engineers is represented by a
block. For example, four teams of engineers are available in the early day shift (6:00 AM-3:00

PM).
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Figure 3: Various components contribute to
the problem of matching the workforce to the
workload.

be avoided because they cause customer
dissatisfaction and high costs,

—A low utilization rate of the workforce,
caused by too many engineers, or engi-
neers with inappropriate licenses or skills
being assigned to a shift. Of course, both
lead to an inefficient and hence costly
maintenance organization.

Planning for a good match of workload
and workforce is therefore important, and
it involves both strategic and tactical plan-
ning. At the strategic level, KLM-VOC's
management must
—Set an appropriate target for the service
level,

—Obtain insight into the relationship be-
tween the size and organization of the
workforce and the resulting service level,
—Determine the impact of timetable ad-
justments on the size and organization of
the workforce,

—Analyze the consequences of the intro-
duction of new aircraft types on the size
and organization of the workforce, and
—Evaluate the consequences of partner-
ships with other companies with respect to
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maintenance.

KLM-VOC's management is also faced
with a number of problems at the tactical
decision level. Examples are
—To evaluate the financial implications of
potential new contracts with other carriers,
—To determine the number of shifts per
day and the beginning and ending times of
each shift,

—To compose the teams appropriately
with respect to license combinations and
skills,

—To develop a training program, that is,
to determine the capacity and contents of
the educational program needed for
maintenance engineers, and

—To estimate next year’s personnel bud-
gets for the maintenance department.

The management of the maintenance
department uses the DSS in dealing with
these problems. It focuses in particular on
the problems of coping with different air-
craft types, license combinations, and
skills. Before we developed the DSS, the
managers based their strategic and tactical
capacity planning on rough aggregate
workload calculations for the various air-
craft types. They could not evaluate the
problems caused by the different aircraft
types, license combinations, and skills to a
sufficient level of detail. Furthermore, car-
rying out these calculations was very time-
consuming. KLM-VOC’s management had
the impression that the quality of decision
making could be improved by the intro-
duction of a DSS.

Decision Support System

The DSS consists of a database module,
an analysis module, and a graphical user
interface. The database module stores ge-
neric data, data about the workload, and
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data about the workforce. The generic data
include information on carriers for which
KLM-VOC carries out maintenance opera-
tions, and information on aircraft types.
Data on the workload consist of arrival
and departure times of aircraft at Schiphol
and maintenance standards. Arrival and
departure times are taken directly from the
timetables of the airline companies. The
maintenance standards specify (1) the total
time required for each maintenance opera-
tion, (2) the allowable time interval during
which a maintenance operation must be
carried out relative to a plane’s arrival and
departure time (for example, a specific
maintenance operation should not start
earlier than 10 minutes after arrival and
should not be finished later than 20 min-
utes before departure), and (3) that
maintenance operations should start as
early as possible. Finally, data on the
workforce consist of the license-skill com-
binations within a team, and the shift
schedules that specify the beginning and
ending times of the shifts, as well as the
number of teams per shift.

A complete set of tables with generic
data, data on the workload, and data on
the workforce is called a scenario. The
database module provides functions for
operations on complete scenarios and
functions for operations on individual ta-
bles of a selected scenario. By analyzing
different scenarios the user of the DSS ob-
tains valuable insight into the effects of
changes in the data.

The analysis module provides extensive
possibilities for analyzing scenarios. It con-
sists of routines for (1) estimating the
workload, (2) optimizing the size and orga-
nization of the workforce, and (3) evaluat-
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ing the quality of the match between
workload and workforce.

The routine for estimating the workload
is based on the maintenance operations
and the maintenance standards. For exam-
ple, consider mechanical work related to a
platform inspection of a Boeing B747 on
incoming flight KL-342 with arrival time
9:00 AM and departure time 11:25 am. To-
tal ground time at Schiphol is 145 minutes.
The maintenance standard for the mechan-

The actual workload may
differ from the estimated
workload.

ical part of the platform inspection of a
Boeing B747 specifies that (1) the total time
required to carry out the work is 160 min-
utes, (2) the operations should take place
in the interval from 15 minutes after arri-
val to 30 minutes before departure, and (3)
the operations should start as early as pos-
sible. Since only 100 minutes are available
for the platform inspection, the operations
are carried out by two engineers with 80
minutes of work for each. Both engineers
will be scheduled to start their work 15
minutes after arrival (9:15 aM), and will be
finished 80 minutes later (10:35 Am).

All maintenance operations carried out
by KLM-VOC are translated into estimated |
workloads by calculations like these. Fig-
ure 1 shows an example of a resulting
workload pattern. Due to circumstances
(delays, failures), the actual workload may
differ from the estimated workload. The
influences of such irregularities on opera-
tions can be analyzed by simulating these
circumstances within a scenario (for exam-
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ple, changing maintenance standards or
generating delays on arrival times).

The routine for optimizing the size and
organization of the workforce uses the fol-
lowing input:

—Workload estimates per aircraft type
(output of the workload estimation rou-
tine) in terms of jobs with fixed starting
times, fixed finishing times, and required
skill,

—Beginning and ending times of the
shifts,

—The number of teams per shift, and
—The required service level.

Based on this input, the optimization
routine calculates the number of engineers
per team with a particular license-skill
combination and assigns engineers to
maintenance jobs so that (1) the total num-
ber of engineers is minimal, (2) the service
level constraint is satisfied, and (3) each
job is carried out by an engineer with an
appropriate license-skill combination. For
example, if the service level is set to 1.00,
the system computes the number of engi-
neers per team with a particular license-
skill combination, such that all mainte-
nance jobs are carried out and the total
number of engineers is minimal. In case of
a user-specified service level of 0.98, the
system calculates a composition of the
teams such that at least 98 percent of the
maintenance jobs are carried out. We de-
scribe a simplified version of the integer
programming model used by the optimiza-
tion routine in the appendix (model 1). A
heuristic procedure within the optimization
routine quickly generates good solutions to
this model.

The routine for evaluating the mainte-
nance processes within KLM-VOC deter-
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mines the quality of the match between
workload and workforce. It measures the
quality of the match in terms of service
level and utilization rate. The evaluation
routine uses the following input:
—Workload estimates per aircraft type
(output of the workload estimation rou-
tine) in terms of jobs with fixed starting
times, fixed finishing times, and required
skill,

—Beginning and ending times of the
shifts,

—The number of teams per shift, and
—The number of engineers per team and
their license-skill combinations.

Based on the input, the evaluation rou-
tine assigns engineers to maintenance jobs
so that the service level is maximized. The
results of the procedure can be presented
graphically (Figures 4 and 5). We describe
the model underlying the evaluation rou-
tine in the appendix (model 2). Within the
system, it is solved by a fast and effective
heuristic procedure.

The optimization routine and the evalu-
ation routine differ from each other in the

The managers consider it a
valuable tool for analyzing
strategic and tactical problems.

following sense: the optimization routine
considers the service level as given and de-
termines the best composition of the teams
with respect to the number of engineers
required and their license-skill combina-
tions, whereas the evaluation routine con-
siders the composition of the teams as
given and determines the maximum num-
ber of maintenance jobs that can be carried
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Figure 4: Part of the mechanical work needed on a typical Saturday for aircraft types A310,
B737, and B747 can be carried out (fulfilled) by the available engineers (white area), and part of
the work (unfulfilled) cannot be done in time (shaded area).

out in time (that is, it maximizes the ser-
vice level).

Since it is not feasible to change the
composition of the teams in the short run
(the educational program to obtain new li-
censes takes several months to several
years) and since in the long run manage-
ment wants to design the composition of
the teams so that in principle all mainte-
nance work can be carried out (service
level 1.00), KLM uses the optimization
routine mainly in strategic studies and the
evaluation routine in tactical studies.
System Development and Usage

In 1988, KLM set up a project to develop
the DSS. The project team consisted of five
persons from academia and five persons
from KLM-VOC. At the start of the pro-
ject, management had only a rough idea of
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the problems the DSS should handle and
of the look and feel of the system. To
structure the decision problems and to de-
termine the functional requirements of the
system, we adopted a prototyping ap-
proach. One functional requirement man-
agement set was that the DSS should be
stand-alone and should interface with the
database systems on KLM’s mainframe.
Another functional requirement was that
the system should run on personal com-
puters on the employees” desks.

We developed the database module of
the system using a tool for generating da-
tabases based on Clipper, and we devel-
oped the analysis module and the graphi-
cal user interface using Borland’s Turbo
Pascal and some tools for graphics. We de-
voted a great deal of effort to making the
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Figure 5: The assignment of mechanically skilled engineers to maintenance jobs on a typical
Saturday for license combinations A310/B747, B737/B747, and B737/DC10. The white area in-
dicates how many engineers are available (at midnight, one for B737/B747, two for A310/B747,
and two for B737/DC10, growing to five for B737/B747, 10 for A310/B747, and 10 for B737/
DC10 around midday). The other areas reflect how many of these engineers are assigned to
each aircraft type: the dotted area for the engineers’ first license, and the striped area (with
inclining pattern) for the engineers’ second license. The striped area (with declining pattern)
indicates work for which no license is required. For example, for engineers with license com-
bination A310/B747, the dotted area shows how many engineers work on A310s (first license),
and the inclining stripes shows how many engineers work on B747s (second license).

system user friendly, which resulted in
quick user acceptance. We installed the
system in 1990, and KLM-VOC has used it
since then.

The DSS is used mainly by staff employ-
ees to answer questions posed by KLM-
VOC’s managers. The system has provided
valuable support in the following studies:
—A study on the impact of new time-table
structures (for example, time-tables with
an increased number of arrival and depar-
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ture peaks per day),

—A study on the effects of allowing engi-
neers to hold licenses for three aircraft
types instead of two,

—A study to estimate the workforce re-
quired per group of gates, in case mainte-
nance processes become decentralized per
gate group at some point in the future,
—A study to determine the number of en-
gineers and their license-skill combinations
required for 1992 and 1993, and
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—A study on the effects of contracts with
other carriers.

The DSS provides KLM-VOC's manage-
ment with information that was either not
available before or was too time-consum-
ing to collect within a short planning cycle.
It increases their insight into the various
problems that must be solved within the
maintenance department. The managers
consider it a valuable tool for analyzing
strategic and tactical problems. The users
of the system even advocated its use to
other departments of KLM, such as the he-
licopter department.

However, evaluating a DSS is generally
more difficult than evaluating more tradi-
tional information systems, since simple
criteria like costs and benefits are hardly
useful [Keen 1981]. First, a DSS is never
completely finished and therefore costs are
difficult to specify. Second, the benefits of
a DSS are often largely qualitative, for ex-
ample, the impact on the organization, the
quality of decision-making processes, and
the resulting decisions. Evaluating these
benefits in quantitative terms is difficult
and has not yet received much attention in
the literature [Elam, Huber, and Hurt
1986].

When considering the results of a DSS,
it is important to keep in mind that they
are based on mathematical models that are
abstractions of reality. Optimality in math-
ematical terms need not necessarily match
optimality in practical terms. Furthermore,
most of the calculations within a DSS are
based on approximation algorithms. There-
fore, the results of a DSS must be handled
with care. The user of the DSS must judge
the practical value of a solution in light of
qualitative or quantitative considerations
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e

that were not explicitly taken into account
by the models within the DSS. Hence, a
DSS must be used in an interactive way,
where the intelligence of the user is com-
bined with the capability of the DSS to or-
ganize and process enormous amounts of
data and to solve complex mathematical
decision problems using sophisticated op-
erational research techniques.
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APPENDIX

We present a mathematical description
of the problems solved within the analysis
module. Recall the following assumptions:
(A1) the number of teams is fixed, (A2) all
teams have the same number of engineers
with a particular license-skill combination,
and (A3) each engineer has exactly one
skill.

To keep the presentation clear, we first
describe the situation in which the service
level equals 1.00 and in which there is
only one shift and one skill. However, as
Kroon [1990] and the model extensions be-
low show, it is easy to modify the model in
such a way that (1) lower service levels, (2)
multiple shifts, and (3) multiple skills are
properly taken into account.

We suppose that the set | of jobs (ser-
vices) has to be carried out. Job j € | re-
quires continuous processing in the inter-
val (s;, f;) and is related to an aircraft of
type a,. Each engineer is assumed to have a
license combination that specifies the air-
craft types he is allowed to work on. The
set of different license combinations is de-
noted by C. Furthermore, the set |, denotes
the set of jobs that can be carried out by
engineers with license combination ¢. Con-
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versely, we use the notation C, for the set
of license combinations that can be used
for carrying out job j € . Furthermore,
{t,|p € P} is the set of starting times of the
jobs. That is {t,|p € P} = {s,|j €]}.
Model 1 (Optimization Routine)

Here the problem is to determine the
minimum number of engineers with ap-
propriate license combinations, such that
all jobs can be carried out. Given the as-
sumptions Al and A2, minimizing the to-
tal number of engineers is equivalent to
minimizing the number of engineers per
team. The decision variables of the related
integer program are defined as follows:

X, = a binary variable indicating whether
job j has to be carried out by an engi-
neer with license combination ¢ € C,
and

Y. = an integer variable indicating the
number of engineers with license
combination ¢ in each team.

In terms of these decision variables, the

objective and the constraints of Model 1

are

min Q = > Y, (1)

eEC

subject to

> X.=1 for jE] (2)
cEC

> Xe=Y, foreeC, pEP-"3)
VE]c|sp=tp<f;i
all variables are integer, (4)

The objective function (1) expresses that
we are interested in minimizing the num-
ber of engineers per team. The constraints
(2) guarantee that each job is carried out
exactly once. The constraints (3) specify
that the maximum job overlap of the jobs
that are assigned to the engineers with li-
cense combination ¢ should not exceed the
number of available engineers with license
combination c. This implies that a feasible
solution to the integer program can be
transformed into a feasible assignment of
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jobs to engineers and vice versa. Finally,
the integrality constraints (4) specify the
integer character of the decision variables.

Kolen and Kroon [1992] show that in
general this optimization problem belongs
to the class of NP-hard problems. Kroon
[1990] and Kroon, Salomon, and Van Was-
senhove [1993] present algorithms that can
be used to find optimal or approximate so-
lutions.

Model 2 (Evaluation Routine)

Here the problem is to determine the
maximum number of jobs that can be car-
ried out (that is, maximum service level)
given the size and the composition of the
workforce. The prespecified number of en-
gineers with license combination ¢ is
known and denoted by M.. In terms of the
decision variables X, (see Model 1), the
objective and the constraints of Model 2
are stated as follows:

maxQ =3 X X, (3)

€] cEC;

subject to

S X.<1 for j€] (6)
1&('!

> Xe =M, forc€C, pEP (7)
VEl s ty<y)
all variables are integer. (8)

The objective function (5) expresses that
we are interested in maximizing the num-
ber of jobs that are carried out. The con-
straints (6) guarantee that each job is car-
ried out at most once. The interpretation of
the constraints (7) and (8) is similar to that
of the constraints (3) and (4) in Model 1.

Kolen and Kroon [1991] show that in
general this optimization problem belongs
to the class of NP-hard problems. Algo-
rithms that can be used to find optimal or
approximate solutions are described by
Kroon, Salomon, and Van Wassenhove
[1992].
Model Extensions

We now briefly discuss three extensions
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of Model 1 corresponding to (1) service

levels less than 1.00, (2) multiple shifts,

and (3) multiple skills.

(1) Service level less than 1.00: In this case
constraint (2) is replaced by constraints
(2") and (2").

2 X. <1 for jE] (2"
cEC;
2 2 Xz al| (2")

JEl &G

where a (0 < « < 1) is the required
service level.

(2) Multiple shifts: In order to take into ac-
count multiple shifts, constraint (3) is
replaced by constraint (3).

2 X.=NJY, forceC, peP
VESIsj=tp<f;!

3)
where N, is the number of teams pres-
ent in the time interval (t,, t,,,). The
numbers N, are user-input and follow
from the beginning and ending times
of the shifts and from the number of
teams per shift. Note that (3) is based
on assumption A2, which states that
teams have identical compositions with
respect to licenses.

(3) Multiple skills: Since each engineer has
one skill only (assumption A3), the
multiple-skill problem is solved by de-
composing it into several one-skill
problems as formulated by Model 1.

Note that Model 2 can be extended to in-

clude multiple shifts and multiple skills

analogous to Model 1.
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