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The Norwegian Armed Forces will soon make the largest investment in its history. It plans to spend $8 billion
to replace the Royal Norwegian Air Force’s existing fleet of F-16 aircraft with 52 new F-35 aircraft. The Norwe-
gian Defence Research Establishment (FFI) has undertaken multiple analyses to support the Norwegian Defence
Logistics Organisation (NDLO) with the transition planning. During the transition period, Norway must main-
tain adequate fighter capability. The rate at which it can train new pilots and convert F-16 pilots to fly the
F-35 will influence the cost and length of the transition period and the Air Force’s operational-readiness status.
Although finding the optimal training rate for pilots is a difficult planning problem, we achieved substantial
success by using an integer linear program to generate optimal plans. By using this model, we were able to
investigate multiple scenarios for pilot training. We determined the earliest year that the Air Force could reach
a fully operational F-35 fighter capability, the optimal ratio of new to converted pilots, and the number of pilots
that FFI should train each year during the transition phase. Our results enabled FFI to generate a training plan
that resulted in large savings and operational advantages compared to the previous solution, which did not
employ operations research techniques for planning.
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The Norwegian Armed Forces will soon make the
largest investment in its history. It plans to spend

$8 billion to replace the Royal Norwegian Air Force’s
existing fleet of F-16 aircraft with 52 new F-35 aircraft.
The Norwegian fighter aircraft capability is the back-
bone in the Norwegian Armed Forces and is part of
NATO’s defence in the North of Europe. Therefore,
maintaining this capability throughout the transition
phase from the F-16 to the F-35 is crucial.

Planning for the new Norwegian fighter aircraft
started more than two decades ago. Scientists from
the Norwegian Defence Research Establishment (FFI),
as a part of the Norwegian Defence Logistics Organi-
sation’s (NDLO) F-35 acquisition team, studied many
problems related to the transition process. FFI is the
chief adviser on defence-related science and technol-
ogy to the Norwegian Armed Forces and the Ministry
of Defence. The FFI scientists brought their knowl-
edge of both operations research and the military to
the acquisition team. The work we describe in this
paper was part of FFI’s efforts during the past five
years, when the acquisition team started to study

specific plans for pilot training. The authors were
among the scientists involved in the acquisition team;
therefore, we will use the terms “FFI” and “we” inter-
changeably throughout this paper.

The transition period from the F-16 to the F-35 be-
gan when the first F-35 fighters were delivered, and
will end when the F-35 fighter capability is fully oper-
ational. During this time, the Norwegian Air Force
must operate the two very different fighter systems.
One of the Norwegian Armed Force’s goals in the
transition phase is to minimize the length of this
period, while ensuring that the level of operational
readiness is acceptable at all times. The set of tasks
a fighter system can perform simultaneously defines
the system’s level of operational readiness. This level
is therefore a delicate interplay between maintenance
capacity, number of aircraft, and number of pilots.
Both the number of F-16 aircraft and the rate of deliv-
ery of the new F-35 aircraft are given; therefore, the
level of operational readiness depends on the train-
ing of the pilots. During the transition phase, Norway
must maintain a sufficient number of combat-ready
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F-35 pilots in the 
previous year

F-35 pilots in
a given year 

F-35 pilots that have
served their time

New F-35 pilots

Converted F-35
pilots that have
served their time

Converted F-35 pilots

Figure 1: The number of F-35 pilots in a given year depends on the number of F-35 pilots the previous year,
the number of new and converted F-35 pilots, and the number of F-35 pilots that quit, retire, or are no longer
available.

pilots to be able to participate in NATO missions and
maintain national sovereignty.

The pilot training center (PTC) is responsible for
pilot training. Figure 1 shows the factors that deter-
mine the number of available F-35 pilots in any given
year. A pilot who converts from flying an F-16 to
an F-35 requires less education from the PTC than
a new F-35 pilot. Therefore, a high rate of convert-
ing F-16 pilots may seem tempting to decision mak-
ers; however, a complicating factor is that converted
pilots are closer to the end of their careers than newly
trained pilots, and will need to be replaced sooner. A
high conversion rate will provide a steep ramp up to
the goal of full operational readiness, because it will
result in an immediate high level of experience among
F-35 pilots. Although this might be favorable in the
short term, it might also result in a corresponding
low level of experience when the experienced pilots
have served their time. Having the correct mix of con-
verted and new F-35 pilots is important if the Air
Force is to have a good balance between age (i.e.,
longer period until retirement) and experience from
the start of the transition (Holloway 2010). Addition-
ally, a defined training rate will give the current F-16
pilots predictable career development.

Initially, the military staff at the NDLO planned the
F-35 pilot training using spreadsheets, studying the

interaction between the number of pilots, PTC’s edu-
cational capacity, the expected length of pilot active
duty, and the necessity to maintain an adequate level
of operational readiness. This trial-and-error approach
was inefficient and time consuming, and provided
only a minimal chance of determining the best train-
ing plan. As a part of the acquisition team, FFI sug-
gested an operations research (OR) approach to study
various aspects of the transition process. As a result,
the team decided to develop a model to search for
cost-effective solutions when converting from one
fighter system to another. To this end, we devel-
oped an integer linear programming model to gener-
ate optimal pilot training plans, and embedded this
model into the existing model.

Optimization models and algorithms are commonly
used to solve personnel-related problems, such as
workforce planning problems (Brucker et al. 2011,
Castillo-Salazar et al. 2016, Holz and Wroth 1980).
Other methods that are used for this purpose include
statistical models and simulation models (Daniels
1967, Wang 2005). In AIMMS (2014), the planning of
flight attendant training is addressed as an integer
linear programming problem. Holloway (2010) opti-
mizes pilot conversion to the joint strike fighter (F-
35) in the U.S. Marine Corps by choosing career paths
for each pilot based on rank and experience. Other
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examples of manpower planning using optimization
of career paths are given in Baumgarten (2000), Jasper-
son (1999), and Matar (2012). Davidson (2011) uses a
simulation model to look at factors that affect a pilot’s
training time at the PTC.

In this paper, we describe the integer linear pro-
gramming model that we developed to solve the
pilot training problem. Our model resembles the
flight attendant model in AIMMS (2014); however,
the assumptions made in that paper were too sim-
plistic for our problem. In particular, we needed to
model the relationships between converted and new
F-35 pilots, the restrictions on educational capacity,
the necessity to maintain an adequate level of opera-
tional readiness, and the requirement for full opera-
tional readiness within a specified number of years.

Introducing OR techniques into planning the tran-
sition from the F-16 to the F-35 had major impli-
cations for both the planning process and for the
results of this process. In particular, we achieved the
following:

• Our pilot training model, embedded in the larger
cost model, generated a training plan that saved tens
of millions of dollars (the precise number is classified)
over the original plan.

• Because solving the integer program is much
faster than using manually generated solutions, we
were able to investigate many more scenarios by
changing the input parameters and constraints. This
allowed us to understand the problem in more depth,
and thus to develop a more realistic and cost-effective
plan.

Other organizations would benefit from using our
approach when planning the transition from one sys-
tem to another, especially if the following criteria are
true.

• The system must not fall below a specified min-
imum operational level during the transition phase.

• Only a few staff members can be trained simul-
taneously, because training capacity is limited.

• The cost of transitioning from one system to the
other is (very) expensive.

• The old and new systems differ fundamentally.
These criteria may, for example, apply to the fol-
lowing types of personnel: military pilots; military
command and control personnel; medical personnel

who have specialized skills or use highly special-
ized equipment; and engineering specialists at off-
shore installations.

Problem Description
Our integer linear program determines the optimal
training plan for F-16 and F-35 pilots during a 20-year
planning horizon in a manner such that it minimizes
the total number of F-35 pilot years. We define a pilot
year as a year in which one pilot is combat ready.

Maintaining the combat-ready status of F-35 pilots
is the pivotal cost driver in peacetime; therefore, the
number of combat-ready F-35 pilots should not exceed
the required number for a longer period than neces-
sary to obtain operational readiness. The total number
of F-35 pilot years is the sum of the number of combat-
ready F-35 pilots each year during the planning hori-
zon. For example, if two, four, and six pilots are combat
ready over a period of three years, the total number of
F-35 pilot years for this three-year period is 12.

Through some yearly rate of converting F-16 pilots
to F-35 pilots and training new F-35 pilots, the
level of operational readiness for F-16 and F-35 pi-
lots decreases and increases, respectively. During this
transition phase, the minimum requirement for the
level of operational readiness for the Norwegian
fighter capacity must be satisfied at all times.

Part of the planning process at the NDLO was to
determine the minimum acceptable level of opera-
tional readiness (MLOR) during the transition phase.
We studied four MLORs and examined the influence
of each on the pilot training plan and the length of the
transition phase. As Table 1 illustrates, we defined the
levels of operational readiness as ranges of numbers
of combat-ready pilots.

Number of combat-ready pilots Level of operational readiness

5–9 1
10–14 2
15–19 3
20–24 4
25–30 5

Table 1: The number of combat-ready pilots indicates the level of oper-
ational readiness. We use illustrative data, because the actual data are
classified.
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In the model, we say that when the MLOR is a spe-
cific number (e.g., three), any combination of levels
for the F-16 and the F-35 that sum to that number
satisfies the requirement. For example, if F-16 is at
Level 1 and F-35 is at Level 2 or higher, then MLOR 3
is satisfied. Full operational capability corresponds to
Level 5 of operational readiness in our model.

We set the length of the transition phase (i.e., the
number of years until the F-35 must reach full oper-
ational capability) in the model’s input data. By run-
ning the model with different values for this parame-
ter, we were able to find the shortest transition phase
possible without violating the model’s constraints.

The bottleneck in our model is the capacity at the
PTC. Pilots in training must fly a specified number
of hours per year. The PTC capacity is defined by
the total number of flight hours it can provide to
the pilots in training. The number of training hours
available each year depends on the number of Nor-
wegian aircraft that are stationed at the PTC, which
is specified in the Norwegian F-35 acquisition plan.
Although pilots who are being converted to the F-
35 need fewer flight hours than new F-35 pilots, this
training requires two years for both types of pilots.
The number of years an F-35 pilot is operative after
training varies from pilot to pilot; however, in the
model, we assume one mean value for all converted
pilots and one mean value for all new F-35 pilots. This
was sufficient for our purposes, because we were not
investigating individual pilot careers.

In summary, the objectives of our study are to
explore:

• the earliest possible year that the F-35 could
attain full operational capability, given the desired
input data values defined by the NDLO for the
parameters described below (base case);

• the optimal number of new F-35 pilots and pilots
converting from the F-16 to the F-35 in the base case;
and

• the impact on the above two objectives of chang-
ing the values of some input data (i.e., variations from
the base case).

The objective of the optimization model is to min-
imize the total number of F-35 pilot years over the
planning horizon. The input parameters in the model
are as follows.

1. The predefined number of levels of operational
readiness and the number of pilots needed at each
level.

2. The minimum acceptable level of operational
readiness during the transition phase.

3. The training capacity at the PTC (i.e., number of
available flight hours for training).

4. The number of training hours necessary at the
PTC for converting pilots and new F-35 pilots.

5. The length-of-service time for F-16 pilots, con-
verted pilots, and new F-35 pilots (we estimated these
values based on the pilots’ expected lengths of active
duty).

6. The year by which the F-35 must be fully opera-
tional.

In addition, we include some technical input pa-
rameters for the development of the F-16 pilot pool.
To study the problem, we varied parameters 2, 3,
and 6, respectively, and left all other parameters fixed.

The optimization model includes the following con-
straints.

• Several constraints are required to handle the
flow of pilots (Figure 1).

• The number of F-35 pilots cannot fall below the
level at which the F-35 reaches full operational capa-
bility.

• The capacity at the PTC cannot be exceeded.
• When the F-35 reaches the MLOR, F-16 pilots

should no longer be converted to F-35 pilots.
• When the F-35 reaches full operational readiness,

no new F-16 pilots will be trained.
• The levels of operational readiness for the F-16

and F-35 in combination must always be higher than
the MLOR.

We developed a representative integer linear pro-
gram, which we provide in the appendix. We used
IBM ILOG CPLEX (IBM 2014) to solve our model, and
set all CPLEX parameters to their default values.

Results
Because many of our results are classified, we cannot
fully discuss all of them; however, we can describe
our major results.

Our major objective in studying the pilot transition
was to determine the speed with which the fleet of
F-35 aircraft could become fully operational, and to

T
h
is

fi
le

 is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e

re
d
is
tr
ib
u
te
d
.

P
re
p
ri
n
t.

N
o
t
in
te
n
d
ed

fo
r
fu
rt
h
er

d
is
tr
ib
u
ti
o
n
.

T
h
is

se
t
o
f
p
ag

e
p
ro
o
fs

is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e
re
d
is
tr
ib
u
te
d
.

IN
F
O
R
M
S

ho
ld
s

co
p
yr
ig
h
t
to

th
is

ar
tic
le

an
d

di
st
rib

ut
ed

th
is

co
py

as
a

co
ur
te
sy

to
th
e

au
th
or
(s
).

A
dd

iti
on

al
in
fo
rm

at
io
n,

in
cl
ud

in
g
rig

ht
s
an

d
pe

rm
is
si
on

po
lic
ie
s,

is
av

ai
la
bl
e
at

ht
tp
://
jo
ur
na

ls
.in

fo
rm

s.
or
g/
.

C
o
p
yr
ig
h
t:

IN
F
O
R
M
S

ho
ld
s
co

py
rig

ht
to

th
is

A
rt
ic
le
s
in

A
dv

an
ce

ve
rs
io
n,

w
hi
ch

is
m
ad

e
av

ai
la
bl
e
to

su
bs

cr
ib
er
s.

T
he

fil
e
m
ay

no
t
be

po
st
ed

on
an

y
ot
he

r
w
eb

si
te
,
in
cl
ud

in
g

th
e

au
th
or
’s

si
te
.
P
le
as

e
se

nd
an

y
qu

es
tio

ns
re
ga

rd
in
g

th
is

po
lic
y
to

pe
rm

is
si
on

s@
in
fo
rm

s.
or
g.

T
h
is

fi
le

 is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e

re
d
is
tr
ib
u
te
d
.

T
h
is

se
t
o
f
p
ag

e
p
ro
o
fs

is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e
re
d
is
tr
ib
u
te
d
.

Dette er en postprint-versjon / This is a postprint version. 
DOI til publisert versjon / DOI to published version: 10.1287/inte.2016.0850



Fauske and Hoff: Optimizing the Training of Pilots in the Royal Norwegian Air Force
Interfaces, Articles in Advance, pp. 1–8, © 2016 INFORMS 5

0

–5

–10

–15

–20

–25

–30

D
iff

er
en

ce
 in

 th
e 

to
ta

l n
um

be
r

of
 F

-3
5 

pi
lo

t y
ea

rs

Year of full operational capability/length
of transition phase

Base case Plus 1 year Plus 2 year

Figure 2: The graph shows the decrease in the total number of F-35 pilot
years as we increased the length of the transition phase by one and two
years from the shortest possible length.

determine the best approach for converting F-16 pilots
and training new F-35 pilots to achieve full opera-
tional capability. We gained two main insights from
our analysis. In the base case, we set the MLOR in
the transition phase to Level 3. In Figure 2, we see
the changes in the total number of F-35 pilot years as
we vary the length of the transition phase from the
shortest possible length to one year, and then to two
years or longer. By adding one year to the transition
phase, compared to the base case, we found that we
needed eight fewer F-35 pilot years during the tran-
sition phase. Adding one additional year to the tran-
sition phase did not affect the number of F-35 pilot
years (i.e., we still needed eight fewer F-35 pilot years
during the planning horizon). The total number of F-
35 pilot years decreases when the transition phase is
longer because waiting longer before training pilots is
possible. We achieve this result when we increase the
transition phase by one year; however, increasing the
length of the transition phase by two or more years
provides no additional benefit.

The base case has twice as many new F-35 pilots
as F-16 pilots. Increasing the length of the transition
phase did not affect this ratio. In summary, our anal-
ysis provided us with the earliest possible year of a
fully operational F-35 capability and the optimal ratio
between converted and new F-35 pilots. In addition,
we found that (1) the length of the transition phase
did not impact the optimal ratio between converted
and new F-35 pilots, and (2) prolonging the transition

phase by one year over the base case resulted in a
lower total number of F-35 pilot years, because pilots
can be trained later.

Figure 3 shows the changes to the total number of
F-35 pilot years as we varied the MLOR in the transi-
tion phase. Lower MLORs mean more F-35 pilot years
over the entire planning period, because we stop con-
verting F-16 pilots when the F-35 reaches the MLOR.
Thus, the result of lower MLORs is fewer converted
pilots and more new F-35 pilots. New F-35 pilots use
more of the capacity at the PTC; therefore, more F-35
pilots must start their training earlier to allow the
armed forces to reach a sufficient number of combat-
ready F-35 pilots by the end of the transition phase.
Another insight was that the selected MLOR does not
influence the length of the transition phase—only the
ratio of converted to new F-35 pilots.

When we select low MLORs, we are actually select-
ing low conversion rates. Many factors can impact the
choice of MLOR (e.g., the national security situation,
costs, pilot career policies, and the balance between
new and experienced pilots); however, many of these
factors were outside the scope of our study.

We also looked at influence of the PTC’s capacity
on the results of the model. This capacity is hard to
adjust, because it depends on the number of Nor-
wegian aircraft stationed at the PTC; however, we
wanted to determine how flexible this bottleneck is.
We found that increasing the PTC capacity by nine
percent allowed us to achieve full operational F-35
capability one year earlier. Similarly, decreasing the
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Figure 3: The graph shows the changes to the total number of F-35 pilot
years as we varied the MLOR during the transition phase.
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PTC capacity by 11 percent delayed full operational
capability by one year.

FFI used the integer linear program results as input
to the larger cost model to support its planning for
the new fighter system. This model included both the
costs associated with training the F-35 pilots, and the
differences in operating costs between the two aircraft
types. This analysis also considered pilot qualifica-
tions, which are attained through experience. Subject
matter experts made adjustments to this cost model.
The NDLO’s proposed solution, prior to being given
FFI’s analysis, involved a longer and more expensive
transition phase than the FFI solution. FFI proposed a
solution that saved tens of millions of dollars, a con-
siderable amount of money for a relatively small mil-
itary organization. As the result of FFI’s work, NDLO
decision makers now plan pilot training to minimize
the effects of the PTC’s capacity limitations. In addi-
tion, the results that address the total number of F-35
pilot years and the ratio of converted to new F-35
pilots support the choices that were ultimately made
about the length of the transition phase.

Conclusions
As a part of FFI’s support to the NDLO in plan-
ning for new fighter aircraft for the Royal Norwegian
Air Force, we developed an integer linear program to
study training plans for pilots transitioning from the
F-16 and the F-35 fighter, minimizing the total number
of F-35 pilot years. We determined the earliest possi-
ble year that the NDLO could achieve a fully opera-
tional F-35 fighter capability, taking into account the
PTC’s educational-capacity limitation. This analysis,
in conjunction with other studies that FFI performed
for the transition (e.g., cost analysis), enabled FFI to
propose a training plan that saved tens of millions of
dollars over the solution that NDLO had proposed.

The work we present in this paper shows mili-
tary acquisition stakeholders that using OR resources
can improve both planning and results. The Norwe-
gian Armed Forces saved a substantial amount of
money by using OR in the F-35 acquisition process.
The final decisions for the transition from the F-16 to
the F-35 in Norway were made based on an interplay
between our integer linear program, a model show-
ing the cost implications of various training plans,

and military judgement and analysis. The integer lin-
ear program quickly generated multiple solutions for
the analysts and military staff to study. In our opin-
ion, the key to the success of the analyses conducted
by FFI and the NDLO is that they are a combination
of the three methods discussed. We also believe that
this success was the result of integrating the OR ana-
lysts and military personnel into the acquisition team.
Therefore, to other organizations attempting to solve
similar problems, we recommend integrating analysts
into their acquisition teams. In our environment, this
allowed the analysts to supplement their OR skills
with knowledge of the military domain.

Planning for the F-35 acquisition evolved over more
than two decades. Although many analyses were con-
ducted during this period, decisions were often not
made until long after the analyses had been com-
pleted, when many of the assumptions in the analyses
(e.g., costs, budget, operational needs) had changed.
We view this as our biggest challenge in showing the
relevance and validity of the analyses. We believe,
however, that efficient OR tools and methods are crit-
ical time-saving measures in a planning process. The
method we describe in this paper is relevant for orga-
nizations that seek to develop training programs for
converting highly specialized personnel, such as mil-
itary pilots, medical staff, and engineers, to a new
generation of technology.

Appendix. Integer Linear Programming
Formulation
In this appendix, we present an integer linear programming
formulation, including sections for indices, parameters, and
decision variables. All variables are fixed in the first year to
capture the initial conditions. We present our model using
the notation guidelines in Teter et al. (2015).

Indices
• t = 11 0 0 0 1 T , index on year.
• j = 11 0 0 0 1 J , index on level of operational readiness.

Parameters:
• T —number of years.
• J—number of levels of operational readiness.
• P F16—years a new F-16 pilot flies an F-16.
• P F35—years a new F-35 pilot flies an F-35.
• P conv—years a converted pilot flies an F-35.
• T conv—years for conversion and (or) training.
• N F16—number of F-16 pilots in year 1
• N F35—number of F-35 pilots in year 10
• V min—minimum number of new F-35 pilots each year.
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• Wmin—minimum number of converted pilots for the
planning horizon.

• Wmax—maximum number of converted pilots for the
planning horizon.

• Y AJ —the year when the F-35 aircraft must reach full
operational capability.

• AMLOR—number of pilots in the minimum level of
operational readiness.

• Aj—number of pilots at operational readiness level j ;
j = J for full operational capability.

• Ct—flight hours available at the PTC in year t.
• Hnew—number of flight hours needed each year for a

new F-35 pilot in training.
• H conv—number of flight hours needed each year for a

converting pilot in training.
• Qt—number of F-16 pilots that retire in year t. We esti-

mate this value based on the initial F-16 pilot pool.
• M—large number for modelling purposes.
• L—upper limit on the integer variables xt , yt , wt , ut ,

vt , e′
t , e

′′
t , and e′′′

t .
• D—penalty per F-35 pilot above AJ .
• E—additional penalty per F-35 pilot above AJ + 2.
• F —additional penalty per F-35 pilot above AJ + 6.

Decision variables
• xt ∈ 801L9—number of F-16 pilots in year t.
• yt ∈ 801L9—number of new F-16 pilots in year t.
• wt ∈ 801L9—number of F-16 pilots that convert in

year t (starts training).
• ut ∈ 801L9—number of F-35 pilots in year t.
• vt ∈ 801L9—number of new F-35 pilots in year t.
• a′

t ∈ 801 J 9—level of operational readiness covered by
the F-16 in year t.

• a′′
t ∈ 801 J 9—level of operational readiness covered by

the F-35 in year t.
• b′

t ∈ 80119—a binary variable with value 1 if the
F-35 has reached full operational capability by year t;
0 otherwise.

• b′′
t ∈ 80119—a binary variable with value 1 if the num-

ber of F-35 pilots is higher than the minimum level of oper-
ational readiness by year t; 0 otherwise.

• cjt ∈ 80119—variable that equals 0 if the number of F-16
pilots is lower than the number of pilots in level of opera-
tional readiness j at time t; 1 otherwise.

• djt ∈ 80119—variable that equals 0 if the number of F-35
pilots is lower than the number of pilots in level of opera-
tional readiness j at time t; 1 otherwise.

• e′
t ∈ 801L9—the number of F-35 pilots greater than AJ

in year t.
• e′′

t ∈ 801L9—the number of F-35 pilots greater than AJ +

2 in year t.
• e′′′

t ∈ 801L9—the number of F-35 pilots greater than
AJ + 6 in year t.

The model minimizes the number of F-35 pilots. In addi-
tion, if the number of pilots in some years must be more
than the number of pilots required for full operational capa-
bility, we want to spread this over several years rather than

having more pilots than necessary in some years). There-
fore, we impose a penalty for having more pilots than nec-
essary, which increases as the number of pilots increases.

min
{ T
∑

t=1

ut +D
T
∑

t=YAJ

e′

t +E
T
∑

t=YAJ

e′′

t + F
T
∑

t=YAJ

e′′′

t

}

(1)

s.t. xt = xt−1 + yt −wt −Qt � t≤PF16 − yt−PF16 � t>PF16

t = 21 0 0 0 1 T (2)

ut = ut−1 i = 21 0 0 0 13 (3)

ut = ut−1 + vt +wt−T conv − vt−PF35 � t>PF35

−wt−P conv−T conv � t>P conv+T conv t = 41 0 0 0 1 T (4)

vt ≥ V min t = 41 0 0 0 1 T (5)

ut ≥AJ t = YAJ
1 0 0 0 1 T (6)

T
∑

t=1

wt ≥Wmin (7)

T
∑

t=1

wt ≤Wmax (8)

Hnew4vt+1 + vt+25+H conv4wt +wt−15≤Ct

t = 21 0 0 0 1 T (9)

b′

tA
�
≤ ut t = 21 0 0 0 1 T (10)

ut + 1 ≤A�
+Mb′

t t = 21 0 0 0 1 T (11)

wt +Mb′

t ≤M t = 21 0 0 0 1 T (12)

b′′

t AJ ≤ ut t = 21 0 0 0 1 T (13)

ut + 1 ≤AJ +Mb′′

t t = 21 0 0 0 1 T (14)

yt +Mb′′

t ≤M t = 21 0 0 0 1 T (15)

a′

t + a′′

t ≥A� t = 21 0 0 0 1YAj
(16)

jcjt ≤ a′

t t = 21 0 0 0 1 T 1 j = 21 0 0 0 1 J (17)

Ajcjt ≤ xt t = 21 0 0 0 1 T 1 j = 21 0 0 0 1 J (18)

jdjt ≤ a′′

t t = 21 0 0 0 1 T 1 j = 21 0 0 0 1 J (19)

Ajdjt ≤ ut t = 21 0 0 0 1 T 1 j = 21 0 0 0 1 J (20)

ut −AJ ≤ e′

t t = YAJ
1 0 0 0 1 t (21)

ut −AJ − 2 ≤ e′′

t t = YAJ
1 0 0 0 1 T (22)

ut −AJ − 6 ≤ e′′′

t t = YAJ
1 0 0 0 1 T (23)

x1 =N F16 (24)

y1 = 0 (25)

u1 =N F35 (26)

vt = 0 t = 11 0 0 0 13 (27)

w1 = 0 (28)
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• Constraint set (2) tracks the number of F-16 pilots each
year.

• Constraint set (3) initializes the number of F-35 pilots
in years 2 and 3 to make it equal to the number of F-35
pilots in year 1. For most scenarios considered (and those
reported in this paper), the earliest time that new F-35 pilots
can be fully operational is year 4.

• Constraint set (4) tracks the number of F-35 pilots each
year starting in year 4.

• Constraint set (5) requires the number of new F-35
pilots each year to be at least V min.

• Constraint set (6) ensures the number of F-35 pilots
each year remains at full operational capability (Level 5)
starting in year YAj

.
• Constraint set (7) is the lower limit on the number of

converted pilots.
• Constraint set (8) is the upper limit on the number of

converted pilots.
• Constraint set (9) restricts the capacity at the PTC. In a

given year t, the pilots who are training at the PTC are pilots
starting conversion in year t, pilots starting conversion in
year t−1, new pilots who will be combat ready in year t+1,
and new pilots that will be combat ready in year t + 2.

• Constraint sets (10)–(12) ensure that no pilots are con-
verted after the F-35 has reached the minimum level of
operational readiness.

• Constraint sets (13)–(15) ensure that no new F-16 pilots
are converted after the number of F-35 pilots has reached
that required for full operational capability.

• Constraint set (16) ensures the readiness level of the
F-16 and the F-35 together satisfy the minimum level of
operational readiness.

• Constraint sets (17)–(20) link the x and u variables with
a′
t and a′′

t .
• Constraint sets (21)–(23) determine different levels of

F-35 pilots that exceed the number needed for full opera-
tional capability (Level 5).

• Constraint sets (24)–(28) initialize some of the
variables.
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time-saving, and led to useful insights about the problem.
Also, it made the results of our analysis more reliable.”

Maria Fleischer Fauske is a senior scientist at the Nor-
wegian Defence Research Establishment (FFI). She holds
a Master of Science in Information and Communications
Technology from the Norwegian University of Science and
Technology, where she specialized in operations research,
including optimization. She has several years of experience
in long-term defence planning from FFI.

Erlend Øby Hoff is a principal scientist at the Norwegian
Defence Research Establishment (FFI). He holds a Master of
Science in Physical Chemistry from the University of Oslo.
At FFI he has specialized both in cost analysis and mili-
tary operations research, where he has worked on projects
related to defence planning, mainly in the land and air
domain. He has had a leading role in Norwegian F-35 cost
analysis and worked on various F-35 projects since 2004. He
has also co-chaired a NATO study on cost-efficiency impli-
cations of international cooperation.

T
h
is

fi
le

 is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e

re
d
is
tr
ib
u
te
d
.

P
re
p
ri
n
t.

N
o
t
in
te
n
d
ed

fo
r
fu
rt
h
er

d
is
tr
ib
u
ti
o
n
.

T
h
is

se
t
o
f
p
ag

e
p
ro
o
fs

is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e
re
d
is
tr
ib
u
te
d
.

IN
F
O
R
M
S

ho
ld
s

co
p
yr
ig
h
t
to

th
is

ar
tic
le

an
d

di
st
rib

ut
ed

th
is

co
py

as
a

co
ur
te
sy

to
th
e

au
th
or
(s
).

A
dd

iti
on

al
in
fo
rm

at
io
n,

in
cl
ud

in
g
rig

ht
s
an

d
pe

rm
is
si
on

po
lic
ie
s,

is
av

ai
la
bl
e
at

ht
tp
://
jo
ur
na

ls
.in

fo
rm

s.
or
g/
.

C
o
p
yr
ig
h
t:

IN
F
O
R
M
S

ho
ld
s
co

py
rig

ht
to

th
is

A
rt
ic
le
s
in

A
dv

an
ce

ve
rs
io
n,

w
hi
ch

is
m
ad

e
av

ai
la
bl
e
to

su
bs

cr
ib
er
s.

T
he

fil
e
m
ay

no
t
be

po
st
ed

on
an

y
ot
he

r
w
eb

si
te
,
in
cl
ud

in
g

th
e

au
th
or
’s

si
te
.
P
le
as

e
se

nd
an

y
qu

es
tio

ns
re
ga

rd
in
g

th
is

po
lic
y
to

pe
rm

is
si
on

s@
in
fo
rm

s.
or
g.

T
h
is

fi
le

 is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e

re
d
is
tr
ib
u
te
d
.

T
h
is

se
t
o
f
p
ag

e
p
ro
o
fs

is
p
ro
vi
d
ed

fo
r
in
fo
rm

at
io
n
al

p
u
rp
o
se

s
o
n
ly

an
d
m
ay

n
o
t
b
e
re
d
is
tr
ib
u
te
d
.

Dette er en postprint-versjon / This is a postprint version. 
DOI til publisert versjon / DOI to published version: 10.1287/inte.2016.0850

http://main.aimms.com/aimms/download/manuals/aimms3om_employeetraining.pdf
http://main.aimms.com/aimms/download/manuals/aimms3om_employeetraining.pdf
http://calhoun.nps.edu/handle/10945/32952
http://calhoun.nps.edu/handle/10945/32952
http://calhoun.nps.edu/handle/10945/12841
http://calhoun.nps.edu/handle/10945/12841
http://calhoun.nps.edu/handle/10945/5285
http://calhoun.nps.edu/handle/10945/5285
http://www-01.ibm.com/software/integration/optimization/cplex-optimizer/
http://www-01.ibm.com/software/integration/optimization/cplex-optimizer/
http://calhoun.nps.edu/handle/10945/6828
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.528.621&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.528.621&rep=rep1&type=pdf



