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Abstract—Remote Tower Service (RTS) is one of the techno-
logical and operational solutions delivered for deployment by
the Single European Sky ATM Research (SESAR) Programme.
This new concept fundamentally changes how operators provide
Air Traffic Services, as it becomes possible to control several
airports from a single remote center. In such settings an air traffic
controller works at a so-called “multiple position” at the Remote
Tower Center (RTC), which means that he/she can handle two
or more airports from one Remote Tower Module (controller
working position).

In this paper, we present an optimization framework designed
for automation of staff planning at the RTC. We highlight the
problems experienced with real airport flight schedules, and
present optimal shift assignments for five Swedish airports that
were chosen for remote operation.

Keywords—Air Traffic Management, Remote Control Tower,
Optimal Personnel Scheduling, Integer Programming, Air Traf-
fic Controller Rosters

I. INTRODUCTION

Constructing rosters for air traffic controllers (ATCOs) is
a complex problem, which becomes even more challenging
in the context of Remote Tower. An effective method to
produce real-world rosters requires the ability to model shifts
and breaks, distribute the varying workload between several
working positions, rotate staff through all the tasks for which
they are qualified to maintain several endorsements, fulfill the
requirement to train staff whilst continuing normal operations,
and re-roster due to unexpected events.

In the civilian air traffic control (ATC) very strict and legally
binding regulations outline ATCO’s working conditions [8].
These regulations do not take seasonal traffic variations into
account [11], resulting in overstaffing during lower-traffic
months and staff shortages during peaks. Maximizing the
efficiency of human resources (HR) is of particular importance
because labour accounts for up to 85% of air traffic service
(ATS) costs [25].

Remote Towers Services are one of several technological
and operational solutions that the SESAR Joint Undertaking
delivers to the ATM community for deployment. RTS was
proposed as a cure for staff demand imbalances, from which
most small airports (30-120 movements a day) suffer. The
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RTS concept implementation splits the cost of ATS provision
and staff management between several airports. Further, it
should be noted that the difference in terms of investment
is significant when comparing installation of sensors to the
construction of a new tower.

It is extremely challenging to construct even a feasible
roster, with so many possible permutations of controllers and
their required endorsements at the RTC. Automation of the
rostering process would have a positive effect on the flight
safety (because all operational constraints–like breaks–would
be enforced), and help to keep track of controller qualifications
and individual preferences.

In this work, we present a generic optimization framework
designed as a flexible tool for future RTC staff planning.
In particular, we identified several issues related to staff
scheduling when multiple airports are operated from a single
center. The main question is: How to automate scheduling of
controllers at the RTC?

We feed the model with real flight data samples for five
Swedish airports planned for remote operation and output
various solutions for staff scheduling at these airports, compar-
ing different possible objectives. Additionally, we show how
potential conflicts in airport schedules can be avoided.

The model under development was discussed with opera-
tional experts at LFV (Luftfartsverket, the Swedish ANSP) to
provide a picture on staffing constraints as close as possible
to reality. We demonstrate that RTS increases HR efficiency,
thereby providing significant cost savings. The model easily
incorporates individual controllers’ preferences and airport
specifics, and it helps to predict the required number of
endorsements per controller, making it a handy support tool
for future staff planning. The designed techniques and tools
will be applied to other sets of airports being considered for
remote operation.

A. Roadmap

In Section I-B we review related work. We present a gen-
eral mathematical model for assigning controllers to remote
airports at RTC in Section II. In Section III we verify the
proposed model using real data from the five Swedish airports
planned for remote operation; we also compare and discuss
the resulting scheduling solutions. Section IV concludes the
paper and outlines future work directions.



B. Related work
RTC aims at providing ATS for multiple airports by air traf-

fic controllers located remotely as defined in [19]. Researches
studied various aspects of the RTS concept. Möhlenbrink et
al. [16] and Papenfuss et al. [22] considered usability aspects
within the novel remote control environment. Wittbrodt et al.
[26] stress the role of radio communication in the context of
a remote airport traffic control center. In a safety assessment
of the Remotely Operated Tower (ROT) concept, Meyer et
al. [15] suggest functional hazard analyses and pinpoint the
issue of getting reliable probability values for the models.
Oehme and Schulz-Rueckert [20] propose a sensor-based
solution for aerodrome control that removes the dependency
on visibility conditions and tower location. In [10], [18],
[17], [14] and [21] various aspects of work organization and
human performance issues related to the remote operation are
considered. The authors propose several methods to control
two airports from a single center. Using simulations they
studied how the monitoring performance may influence the
system design and behavioral strategies, and suggested several
ideas on the design of novel RTC workplaces.

Distributing the total traffic load between controller posi-
tions is the subject of sectorization research—a well studied
area in ATM; see e.g., the survey [9] and references therein.
Assigning airport traffic to Remote Tower Modules (RTMs)
was considered in [2]. That model did not take into account
the possibility to switch assignments during the day or load
balancing. Based on the model proposed in [2], we create
an optimization framework with multiple objectives and addi-
tional constraints, and demonstrate how it enables personnel
planning at RTCs on real data.

The effective rostering of Air Traffic Controllers is a com-
plex and under-researched area of the personnel scheduling
literature. ATC rostering inherits some features from the
related staff scheduling problems, such as e.g. nurse schedul-
ing [4], university course timetabling [5], multi-skilled staff
planning [12].

ATCO rostering differs from the related scheduling prob-
lems, as schedule requirements are much stricter. Only few
attempts to solve the ATCO scheduling problem are described
in the literature. An overview of early works on ATC shift
scheduling is presented in [3], which in addition presents the
European regulations and policies connected to ATCO work
organization.

The methods for effective staff rostering vary significantly.
The survey [6] covers Linear Programming, Tabu Search,
Simulated Annealing, Constraint Programming, Case-Based
Reasoning, and some more.

Stojadinović [24] proposed to solve the ATC shift schedul-
ing by using various exact methods: CSP, SAT, Partial
MaxSAT, SMT, ILP and PB. The results indicate that SAT-

related approaches outperform other methods for the problem
described.

Conniss et al. [7] proposed an effective greedy heuristics to
solve the ATCO scheduling problem. Their problem descrip-
tion is close to the one we formulate in our current work,
but naturally lacks constraints related to the Remote Tower
Operation. Our solution will be based on a MILP (mixed-
integer linear program).

II. REMOTE TOWER AIR TRAFFIC CONTROLLER SHIFT
SCHEDULING PROBLEM

We create a single-day roster which assigns a qualified
controller to each position at the RTC, respecting constraints
on the duration of controllers’ shifts and breaks, and the
necessity to hold the corresponding endorsements.

The input to our problem is a one-day airport flight sched-
ules, and the output is the optimal assignments of controllers to
the RTC airports per hour, which takes into account constraints
on the operation possibilities.

We formulate our problem as a MILP, which in general is
NP-hard to solve. However, smaller instances of the problem
can be solved using commercial off-the-shelf optimization
software, as we demonstrate in Section III. Our MILP is based
on the strong formulation for min/max on/off sequences as
presented by Pochet and Wolsey [23] (cp. Lidén et al. [13]).

A. Input

We are given a set of airports with their opening hours and
the scheduled arriving and departing flights. We quantify the
total traffic by the number of movements (both arriving and
departing flights) which occur during a certain time period.

B. Constraints

Table I summarizes the notation used in this section.
We integrate the following safety and efficiency require-

ments for RTC personnel operation as constraints to our
model:
(a) Maximum number of airports assigned to one controller
(b) Maximum number of movements per controller
(c) Maximum number of controllers per airport
(d) Potential conflicts in schedules are to be avoided
(e) Upper and lower bound on controller shift length
(f) Maximum total time ”in position” (i.e. the time when an

ATCO is assigned to control some airport)
(g) Maximum continuous time ”in position” without break
(h) Endorsements (ATCOs are assigned only to those air-

ports, for which they hold endorsements. Special quali-
fications are needed, which differ from airport to airport
and each controller has to undergo the corresponding
training in order to obtain the endorsement for each
specific airport.)



TABLE I
NOTATION

Notation Parameter Notation Variable
A set of airports qi binary, = 1 if controller i is used during some period
A+ set of airports for breaks yi,k binary, = 1 if controller i is at work during period k
C set of controllers vi,k binary, = 1 if controller i starts his shift at period k
P set of time periods periodi,j,k binary, = 1 if controller i is assigned to airport j during period k
p number of time periods movi,j,k number of movs handled by controller i at airport j during period k
z max number of consecutive periods controller is in position activei,j binary, = 1 if controller i is assigned to airport j

mMov max number of movs per controller per period Wi,k number of consecutive periods including k controller i is at work
mA max number of airports per controller per period si,j,k binary, = 0 if periodi,j,k = periodi,j,k+1

mCA max number of controllers per airport per period
Amovj,k number of movs at airport j during period k
opj,k = 1 if airport j is open during period k, = 0 otherwise
li,j = 1 if controller i holds endorsement to control airport j
HA set of airports which have conflicts in schedules
Hj,jj set of periods when airport j has conflicts with airport jj
DUB upper bound on number of periods controller is in position
DLB lower bound on number of periods controller is in position
TUB upper bound on the length of controller shift
TLB lower bound on the length of controller shift

∑
j∈A

movi,j,k ≤ mMov ∀i ∈ C,∀k ∈ P (1)∑
j∈A∪A+

periodi,j,k ≤ yi,k ·mA ∀i ∈ C,∀k ∈ P (2)

movi,j,k ≤ periodi,j,k ·mMov ∀i ∈ C,∀j ∈ A,∀k ∈ P (3)∑
i∈C

movi,j,k = Amovj,k ∀j ∈ A,∀k ∈ P (4)∑
i∈C

periodi,j,k ≥ opj,k ∀j ∈ A,∀k ∈ P (5)∑
i∈C

periodi,j,k ≤ mCA ∀j ∈ A,∀k ∈ P (6)

periodi,j,k + periodi,jj,k ≤ 1 ∀i ∈ C,∀j, jj ∈ HA, ∀k ∈ Hj,jj : j 6= jj (7)∑
k∈P

periodi,j,k = 0 ∀i ∈ C, ∀j ∈ A ∪A+ : li,j = 0 (8)

vi,k ≥ yi,k − yi,(k−1) (mod p) ∀i ∈ C,∀k ∈ P (9)
vi,k ≤ yi,k ∀i ∈ C,∀k ∈ P (10)

k∑
kk=k+1−TLB

vi,kk (mod p) ≤ yi,k ∀i ∈ C,∀k ∈ P (11)

k∑
kk=k+1−TUB

vi,kk (mod p) ≥ yi,k ∀i ∈ C,∀k ∈ P (12)∑
k∈P

vi,k ≤ qi ∀i ∈ C (13)∑
k∈P

(yi,k − periodi,j,k) ≤ DUB ∀i ∈ C, j ∈ A+ : li,j = 1 (14)∑
k∈P

(yi,k − periodi,j,k) ≥ DLB ∀i ∈ C, j ∈ A+ : li,j = 1 (15)

periodi,j,k + periodi,jj,k ≤ 1 ∀i ∈ C,∀j ∈ A,∀jj ∈ A+,∀k ∈ P : li,j = li,jj = 1 (16)



yi,k ≤
∑
j∈A:
li,j=1

periodi,j,k +
∑

jj∈A+:
li,jj=1

periodi,jj,k ∀i ∈ C, ∀k ∈ P (17)

Wi,k =

k+z−1∑
kk=k

(yi,kk (mod p) − periodi,j,kk (mod p)) ∀i ∈ C, ∀j ∈ A+ : li,j = 1,∀k ∈ P (18)

periodi,j,(k+z) (mod p) ≥ (1/z) ·Wi,k − (z − 1)/z ∀i ∈ C, ∀j ∈ A+ : li,j = 1,∀k ∈ P (19)

Equations (1), (2) and (3) represent the restrictions on the
total number of movements and the number of airports per
controller per time period, respectively. Constraints (4) and (5)
guarantee that all scheduled traffic is handled and all opening
hours at all airports are covered. One or two controllers can
be assigned to manage an airport for a given period, which is
assured by equation (6). Constraint (7) makes sure that poten-
tial conflicts in airport schedules are avoided. Constraint (8)
guarantees that only qualified controllers are assigned to the
corresponding airports. The remaining constraints implement
the operational controller shift requirements1 (i.e., a maximum
total time at work, bounds on the time ”in position”, and a
maximum continuous time without break).

In some constraints indices are computed modulo p: instead
of considering the current day as a single unit, we create a
loop, such that the periods in the end of the day connect to
the periods in the beginning of the day.

C. Objectives

Targeting a flexible optimization framework, adjustable to
the needs of future RTC staff planning, we propose several
alternative objective functions for our model.

1) Minimize the number of controllers at the RTC: To
guarantee that the remote tower center facilities are used with
maximum efficiency, we may aim to assign the minimum
number of controllers to control the given airports. This yields
a lower bound on the number of controllers at the RTC that are
sufficient to manage the total airport traffic. To minimize the
number of controllers we use the following objective function:

min
∑
i∈C

qi (20)

2) Minimize the average number of controllers per airport:
Before a controller obtains the endorsement that qualifies him
to be assigned to a specific airport, he needs to pass a long

1We add one artificial “break” airport per controller to our formulation: the
set A+. Using the on/off sequences presented by Pochet and Wolsey [23] we
consider the breaks as part of the working day, and controllers are assigned to
airports in A+ during their breaks. No opening hours at these airports need
to be covered, for each of the airports in A+ exactly one controller holds
an endorsement, and after z continuous hours of work at “real” airports, the
ATCO must be assigned to an airport in A+.

training. We may aim to minimize the average number of
controllers per airport, which at the same time minimizes the
number of endorsements that controllers need to be trained
for. The corresponding objective is:

min
∑
i∈C

∑
j∈A

activei,j (21)

Variable activei,j equals 1 when controller i is ever as-
signed to airport j, and is 0 otherwise. The following addi-
tional constraint guarantees proper assignment of the corre-
sponding values to that variable:

activei,j ≥
1

p

∑
k∈P

periodi,j,k ∀i ∈ C,∀j ∈ A,∀k ∈ P (22)

3) Minimize assignment switches: Our model allows sched-
ules where controller-to-airport assignments can switch every
time period. Such switches result in frequent changes in the
controllers’ working environment, and lead to handovers and
additional workload.

Whenever controllers switch from one airport to another, the
transfer of responsibility requires a formal handover procedure
to ensure that the incoming controller is aware of all necessary
information: the location and intentions of all aircraft receiving
a service, the local weather conditions, unusual deviations
from normal procedures, temporary airspace restrictions, and
any other information deemed necessary for safe operations.
This prevents controllers from switching tasks instantaneously
and places additional pressure onto the staff supervisor’s
workload. Consequently, the objective for scheduling might
be to minimize assignment switches.

We define the binary variable si,j,k and add the following
constraints ∀ i ∈ C,∀ j ∈ A,∀ k ∈ P :

si,j,k ≥ periodi,j,k+1(mod p) − periodi,j,k (23)
si,j,k ≥ periodi,j,k − periodi,j,k+1(mod p) (24)

The corresponding objective function is:

min
∑
i∈C

∑
j∈A

∑
k∈P

si,j,k (25)



Fig. 1. Scheduled airport traffic statistics per month for the year 2016.
Green cells highlight the total RTC traffic during the months with low
traffic, while the red cells – the high traffic months.

Fig. 2. Scheduled traffic statistics for the year 2016.

III. EXPERIMENTAL STUDY

In this section, we present and analyze the resulting con-
troller shift schedules for different input parameters and the
objectives introduced in Section II-C.

A. Data

The general properties of the five Swedish airports in
consideration can be shortly described as follows:
• Airport 1 (AP1). Small airport with low traffic, few

scheduled flights per hour, non-regular helicopter traffic,
sometimes special testing activities.

• Airport 2 (AP2). Low to medium-sized airport, multiple
scheduled flights per hour, regular special traffic flights
(usually open 24/7, with exceptions).

• Airport 3 (AP3). Small regional airport with regular
scheduled flights (usually open 24/7, with exceptions).

• Airport 4 (AP4). Small airport with significant seasonal
variations.

• Airport 5 (AP5). Small airport with low scheduled traffic,
non-regular helicopter flights.

We analyzed traffic data at these airports for the whole
year of 2016. The major input are aircraft movements at each
airport, which we received from the Demand Data Repository
(DDR) hosted by EUROCONTROL.

1) Seasonal variations in traffic intensity: Figure 1 shows
the scheduled traffic given by the number of movements at the
five airports for each month of the year 2016, and summarizes
the total amount of traffic to be controlled from the RTC.
Figure 2 illustrates the seasonal variations of the traffic for

Fig. 3. The number of potential conflicts in schedules for each airport
pair during the year 2016.

Fig. 4. The number of days when potential conflicts in schedules
occur.

the five airports and their cumulative flight traffic at the RTC
(shown in green). The difference between the maximum and
the minimum cumulative traffic during the year is significantly
smaller at the RTC (20%) than the 50-60% at individual small
airports. Note that larger seasonal traffic variations result in a
larger mismatch between demand and supply for controllers.

Additionally, we noticed that for several airports the traffic
patterns are in fact complementary (e.g., AP4 and AP5), which
makes these pairs potential candidates for multiple operation
in one Remote Tower Module.

The cumulative high seasons (the periods with high traffic
intensity, highlighted in red in Figure 1) are May and October;
the cumulative low seasons (the periods with low traffic
intensity, highlighted in green in Figure 1) are January and
July. For our initial model validation we choose the busiest
day of October (October 19, we refer to it as the day with
highest traffic) and the day with the lowest traffic in July (July
23rd). Using these extreme data samples we demonstrate how
the outcomes of the model depend on the cumulative traffic
intensity.

2) Potential conflicts in schedules: To detect potential con-
flicts, we merged airport data schedules in pairs. We define
a conflict as two movements at two different airports that
are scheduled within a 5-minute period. Figure 3 shows the
number of conflicts in the schedules for all airport pairs for
the year 2016, while Figure 4 illustrates the number of days
during which these conflicts occur.

We can observe that the number of conflicts is very high,
and they occur almost every day for most airport pairs. We
should take into account these conflicts when we pair airports
to be controlled simultaneously within one module. Later in
this section we discuss how we solve the assignment problem
avoiding the potential conflicts in airport flight schedules.



B. Assumptions and limitations

The following constraints are included into the model to re-
flect the safety and efficiency requirements for RTC personnel
operation.

(a) Maximum number of airports assigned to one controller:
The default value of the maximum number of airports
assigned to a controller is set to 2. From the experts
we learned that there may be problems with visual
representation, communication, and switching between
the views when more than two airports are controlled by
the same person within one remote tower module. But
theoretically it is possible to control even more airports
from one module.

(b) Maximum number of movements per controller:
The maximum number of movements one controller
handles at the remote tower during one hour is set to 10.
This conservative assumption represents a manageable
workload for the ATCO.

(c) Maximum number of controllers per airport:
In this work we assume each airport is handled by one
ATCO during each period of time. But in principle, for
safety reasons it may be needed to assign two controllers
to control one airport. Our model provides such a possi-
bility.

(d) Potential conflicts: We have identified multiple potential
conflicts for all airport pairs. Recall that we defined a
conflict as two movements at two different airports that
are scheduled within a 5-minute period, and place a
limitation, which prevents the two airports from being
assigned to the same controller during the whole hour
during which the potential conflict was detected.

(e) Length of controller shift: The total time a controller
spends at work should be between 4 and 10 hours.

(f) Time “in position”: The time when controller is assigned
to control an airport, is denoted as time “in position”.
It should not exceed 8 hours per day. For one of the
experiments we reduced this number to 6. We do not
consider bounds on the minimum time “in position”, but
we plan to add such constraints later into weekly rosters.
A minimum number of hours at a specific airport reflects
the requirement for maintaining ratings (i.e., familiarity
with each particular airport the controller holds endorse-
ment for).

(g) Maximum continuous time without break: Controllers
should not work ”in position” for longer than 4 hours
without break. In one of the experiments we reduced this
value to 3.

(h) Endorsements: ATCOs are assigned only to those airports
for which they hold endorsements.

(i) Period: The length of the time period is one hour.

C. Metrics

To enable comparison between the output schedules we
introduce the following metrics:

• Total number of ATCOs: measures the total number of
controllers assigned during the day in order to handle all
the traffic at RTC.

• Average number of ATCOs per airport: we count the
number of controllers assigned to each particular airport
during the day and calculate the average over the given
number of airports.

• Average time at work: we count the total time controllers
spend at work (including breaks) and take the average
over the number of controllers.

• Average time ”in position”: for each controller we count
the time each controller works ”in position” and calculate
the average over the number of controllers.

• Average number of endorsements per ATCO: for each
controller we count the number of airports he/she is
assigned to during the day and calculate the average over
the number of controllers.

• Coefficient of performance (COP): for each controller we
calculate the ratio of the time ”in position” over the total
time at work, and take the average over the number of
controllers. This metric may be interpreted as an indicator
of the controller’s work intensity, and at the same time
represents the quality of the resulting controller shift, as
it shows the percentage of the time a controller is actually
”in position” during his shift.

D. Results

In the remainder of this section, we present optimal con-
troller shift assignments for the five airports at the RTC.

We use the AMPL modeling language [1] and CPLEX 12.6
to model and solve the MIP.

1) Minimizing the total number of controllers at RTC:
First, we estimate the theoretical lower bound on the number
of controllers necessary to handle the total amount of traffic
at the five input airports during the day with the minimum
number of movements (the day with the lowest traffic in 2016,
July 23). Figure 5 shows the assignment of controllers to
remote airports per hour with the number of movements in the
table cells. We use five different colors to represent different
controllers working at the RTC during the day. These colors
are also used in the chart in Figure 6, which illustrates the
actual controller shifts; the table below the chart gives the
corresponding statistics for Schema 1.

Each controller is monitoring one or two airports during his
shift with at most 10 total movements per hour. Sometimes the
controllers are assigned to airports where 0 movements are
scheduled for the given period, which reflects the requirement
to cover all airport open hours.

Next, we estimate the theoretical lower bound on the
number of controllers for the day with the maximum number
of movements (the day with highest traffic in 2016, October
19). Figure 7 shows the output assignment (Schema 2) for
that day. Figure 8 illustrates the actual controller shifts and
the corresponding statistics for Schema 2.

Obviously, the resulting assignments are not optimal w.r.t.
training costs. The schemas have unreasonably high values for



Fig. 5. Controllers-to-airports assignment for the minimum total
number of controllers (objective 1) during the day with lowest traffic
(Schema 1). The table entries give the number of movements per
airport. Different colors represent different controllers.

Fig. 6. Top: Controllers shifts (for Schema 1) for each of the five
controllers assigned to work at the RTC during the lowest traffic
day. The rectangular boundaries indicate the complete shift, while
the colored cells indicate the hours “in position” for each controller.
Bottom: Statistics for Schema 1.

the average number of controllers per airport (4 for Schema 1
and 7.2 for Schema 2), and the corresponding average number
of endorsements per controller (4 for Schema 1 and 4.5 for
Schema 2). Next we show how to reduce these values while
keeping the same (minimum) number of controllers.

2) Minimizing the average number of controllers per air-
port: Based on the lower bound on the total number of con-
trollers, we aim to optimize the average number of controllers
per airport for the given day. We fix the number of available
controllers at the lower bound, and apply the second objective
(Equation (21)) with the same set of constraints. Figures 9
and 11 illustrate the controllers-to-airport assignments for the
day with the lowest traffic and the highest traffic, respectively.
Figure 10 and Figure 12 show the actual controller shifts
and the corresponding statistics for July 23 and October 19,
respectively.

3) Minimizing assignment switches: When we consider the
schedules obtained so far, we observe many switches. For
example, in Schema 3 (Figure 9) controller 5 (orange) is
assigned to AP2 during period 9, followed by controller 3
(yellow) assigned to AP2 during periods 10 and 11, and
controller 2 (green) assigned to AP2 during hour 12, and
by controller 4 (light blue) assigned to AP2 during period
13. Such frequent switches should be avoided as they may
cause safety issues during handovers with overlaid traffic
complications as discussed in Section II-C3.

Using objective function 3 (Equation (25)) with the cor-
responding additional constraints (23) and (24), we obtain
a solution with minimum number of switches as illustrated
in Figures 13 and 14 (Schema 5) for the day with the
highest traffic (we no longer restrict the number of available
controllers to be at the lower bound, and no longer minimize
the average number of controllers per airport).

In Schema 5 each controller is assigned to the same

Fig. 7. Controllers-to-airports assignment for the minimum total
number of controllers (objective 1) during the day with highest traffic
(Schema 2).The table entries give the number of movements per
airport. Different colors represent different controllers.

Fig. 8. Top: Controller shifts (for Schema 2) for each of the eight
controllers assigned to work at the RTC during the highest traffic
day. The rectangular boundaries indicate the complete shift, while
the colored cells indicate the hours “in position” for each controller.
Bottom: Statistics for Schema 2.

airport(s) for several consecutive time periods. According to
constraint (19) controllers can not stay ”in position” for longer
than z consecutive hours. Indeed, in the current setup, after
at most four consecutive hours ”in position” each controller
takes a scheduled break.

For example, in Schema 5 (Figure 13) controller 1 (red) is
assigned to AP2 for three consecutive hours (from 2 to 4), and
in addition he is monitoring AP1 from 3 to 4. After he has
worked for three hours, he is taking a break during hour 5.
Controller 5 (orange) takes his position at AP2 in hour 5, while
AP1 is temporarily closed during that hour. After controller
1’s break, he cannot get back to his position at AP2, as this
would result in an assignment switch for controller 5. Thus,
controller 5 keeps the position at AP2, while controller 1 is
assigned to AP3 for the hours 6-9. Moreover, controller 1
returns to AP1 (also for the hours 6-9). Hence, minimizing
the number of assignment switches here enforces controller
1 to be assigned to AP3 in addition to AP1 and AP2, as
his return to AP2 would increase the number of switches for
some other controller. That is, the objective of few assignment
switches increases the number of required endorsements per
controller. Indeed, if we compare the statistics for Schema
5 and Schema 4, we observe that—even though the total
number of controllers remains the same (eight)—the average
number of ATCOs per airport increases noticeably, as does the
average number of endorsements per ATCO. Consequently,
the schedule of Schema 5 (with objective function (25))
is suboptimal w.r.t. objective function (21), the number of
controllers per airport.

This demonstrates a clear trade-off between the two ob-
jectives of minimizing the assignment switches (25), and
minimizing the number of controllers per airport (21). A



Fig. 9. Controllers-to-airports assignment for the minimum average
number of controllers per airport (objective 2) during the day with the
lowest traffic (Schema 3). The table entries give the number of move-
ments per airport. Different colors represent different controllers.

Fig. 10. Top: Controller shifts (for Schema 3) for each of the five
controllers assigned to work at the RTC during the day with the lowest
traffic. The rectangular boundaries indicate the complete shift, while
the colored cells indicate the hours “in position” for each controller.
Bottom: Statistics for Schema 3.

smart combination of them should be used in order to achieve
reasonable assignments, which is subject of further discussions
with operational experts, in particular, about the weighting of
the two goals.

4) Alternative set of shift parameters: When we analyzed
the different schemes w.r.t. the COP, we observed that its
value is high for assignments with a minimum number of
switches (e.g., in Schema 5 we have COP= 0.84). This—
according to the COP definition—indicates that, on average,
controllers are “in position” for 84% of their shift time.
Operational experts argue that one should not expect ATCOs to
demonstrate such high efficiency; they claim that a reasonable
value for the COP lies between 0.4 and 0.7. The exact numbers
are not known, and they vary from airport to airport: the
controller performance is influenced by the complexity of the
airport organization, and the time “in position” without breaks
depends on the airport traffic intensity.

A look at our shift parameters with a maximum shift length
of 10 hours and a maximum time “in position” of 8 hours
indicates that if we would employ all working ATCOs to
these limits, we would obtain a COP of 0.8. The even higher
value of 0.84 in Schema 5 stems from various controllers
working—feasible—9-hour shifts with 8 hours “in position”.
This suggests that we need to alter the shift parameters in
order to obtain an average COP in the range provided by the
operational experts. In general, we have two options to adjust
the model’s parameters: we could either extend the maximal
shift length (for example, to 12 hours), or we could reduce the
time “in position” (for example, to 6 hours) . Considering the
effects of these two options, the former would put more work
strain on the ATCOs, while the latter, with every single ATCO
contributing fewer hours “in position”, would come at the
cost of using more controllers. Here, we provide an example
of the latter strategy. We choose the following alternative

Fig. 11. Controllers-to-airports assignment for the minimum average
number of controllers per airport (objective 2) during the day with
the highest traffic (Schema 4). The table entries give the number
of movements per airport. Different colors represent different con-
trollers.

Fig. 12. Top: Controller shifts (for Schema 4) for each of the eight
controllers assigned to work at the RTC during the day with the
highest traffic. The rectangular boundaries indicate the complete shift,
while the colored cells indicate the hours “in position” for each
controller. Bottom: Statistics for Schema 4.

set of shift parameters: we reduce the upper bound on the
time “in position” from 8 to 6, and the upper bound on the
continuous time without breaks from 4 to 3. The resulting
optimal assignment for the same day of the highest traffic
load is presented in Figures 15 and 16.

According to the new assignment schema, two extra con-
trollers are needed in order to compensate for the reduced
intensity of the controller shifts with the corresponding COP=
0.67 (< 0.7).

5) Avoiding potential conflicts in airport schedules: In case
of a conflict, we place a limitation that prevents the two
airports from being assigned to the same controller at the
whole hour during which the potential conflict occurs. These
hours with conflicts are marked in dark blue in the table cells
of Figure 18, top.

The schedule shown in Figure 17, Schema 7, gives an
assignment in which airports in conflict are assigned to sep-
arate ATCOs. During the conflict hours more controllers are
obviously scheduled because the airports with the potential
conflicts are to be controlled by separate controllers. For
example, according to Schema 6 (Figure 15), during hour
14 two controllers are assigned to the four open airports,
while Schema 7 assigns four controllers to the same four
airports during for the same hour 14. The resulting statistics
(Figure 18, bottom) show a noticeable increase in the lower
bound on the total number of controllers (from eight nec-
essary controllers without conflict avoidance (Schema 4) to
10 necessary controllers with conflict avoidance). Moreover,
for Schema 8 we have a COP of 0.81. If we want to reduce
the controller workload according to the operational experts’
suggestion using new shift parameters as discussed above,
the number of controllers needed at the RTC would increase



Fig. 13. Controllers-to-airports assignment with the minimum number
of switches (objective 3) for the highest traffic day (Schema 5). The
table entries give the number of movements per airport. Different
colors represent different controllers.

Fig. 14. Controller shifts (for Schema 5) for each of the eight
controllers assigned to work at the RTC during the day with the
highest traffic. The rectangular boundaries indicate the complete shift,
while the colored cells indicate the hours “in position” for each
controller. Bottom: Statistics for Schema 5.

further.
One way to circumnavigate the need for more staff at the

RTC could be to ask airlines for slight adjustments to their
schedules, by which they would contribute to cost savings.
While finding an optimal distribution of the slots to 5-minute
intervals is hard, local adjustments, that is, moving certain
movements to adjacent intervals, may lead to a decreased RTC
staff demand.

An important note for this discussion on integrating conflicts
is that our definition of a conflict may be too conservative and
too precautionary. The discussions with operational experts on
this topic will continue.

But it is clear that the potential conflicts can not be
disregarded, and will definitely be reflected in the resulting
staff planning solutions.

E. Remote Tower Efficiency

The number of controllers required in the staff schedules
reflects the seasonal variations in air traffic movements, as
outlined in Subsection III-A1. Here, we assess the efficiency
of RTCs in terms of their ability to solve this staff imbalance
problem.

As a first step, we compare the number of controllers that
are necessary to manage the traffic at each of the five airports
individually for minimum and maximum traffic. That is, we
consider the two days that we focus on in this paper: the
day with the lowest and highest traffic volume (July 23 and
October 19, respectively). The airports AP2 and AP3 are
operated 24/7 all year round, and as a result, the variations
in the number of controllers necessary for operation are
insignificant (variation of 15-20%). In contrast, for the other
three airports (AP1, AP4 and AP5), we observe a noticeable

Fig. 15. Controllers-to-airports assignment with minimum number
of switches (objective 3) for the highest traffic day (Schema 6).
Maximum time without break = 3, maximum time “in position” = 6.
The table entries give the number of movements per airport. Different
colors represent different controllers.

Fig. 16. Controller shifts (for Schema 6) for each of the 10 controllers
assigned to work at the RTC during the day with highest traffic. The
rectangular boundaries indicate the complete shift, while the colored
cells indicate the hours “in position” for each controller. Bottom:
Statistics for Schema 6.

variation in the necessary number of controllers – about 50%.
Our experimental results show that at the RTC the difference
between the staff demand between July 23 and October 19
is 37.5%. This confirms that the RTC suffers less from staff
imbalances, even when we consider only lower bounds.

For operation, staffing does not use the number of con-
trollers that are at least necessary to manage the traffic volume
only. A buffer is added to account for weekends, vacation, sick
leave, maternity and paternity leave, control of non-regular
special traffic (hospital helicopters, schools, charters, military),
bad weather conditions, and possible technical problems.
Today, the five airports we consider in this paper keep a
buffer of about 33-45%. (The computation used in operation
sets the lower bound equal to 55-67%, and the number of
controllers with buffer is equal to the value of 100% (that is,
[number of controllers used = (number of controllers necessary
·100)/x, with 55 ≤ x ≤ 67]). Significant HR savings can be
achieved because the corresponding buffer is shared between
the remotely operated airports at RTC.

For example, for the day with the highest traffic volume,
October 19, our framework yields 17 controllers as the mini-
mum number of controllers that are needed when the traffic is
managed in regular towers individually. Thus, after accounting
for the buffer at each airport separately, all airports together
need to employ 26-34 controllers. If we add the buffer to the
lower bound for the RTC, instead of to the lower bounds
for each of the airports separately, the potential savings are
significant. Adding the maximum buffer of 45% to the lower
bound of 8, our model outputs that 15 controllers should be
employed at the RTC at that day. This immediately provides
staff savings of 42-55%.



Fig. 17. Controllers-to-airports assignment with the minimum average
number of controllers per airport (objective 2) and conflict avoidance
during the day with the highest traffic (Schema 7). The table entries
give the number of movements per airport. Different colors represent
different controllers.

Fig. 18. Top: Potential conflicts in airport schedules for each pair of
airports for the day with the highest traffic. Table cells colored in
dark blue represent the hours during which the corresponding two
airports (from the first column) are in conflict, and should not be
assigned to the same controller. Bottom: Statistics for Schema 7.

IV. CONCLUSION AND FUTURE WORK

In this work we presented an optimization framework for
efficient air traffic controller shift scheduling at the remote
tower center. We were able to confirm assumed staff savings
with the RTC concept. The proposed solutions are subject to a
constant reality check and create a base for further discussions.
With our study we identified several issues related to staff
scheduling when multiple airports are operated from a single
center.

In future studies we aim to incorporate special airport traffic
and ground traffic into the definition of controller workload.
These traffic types influence the workload different than
aircraft movements and significantly depend on the weather
conditions. Moreover, we plan to assess the resilience of the
scheduling solutions to the variations in the actual time of
flight arrivals/departures. The corresponding statistics on the
delays and early arrivals are not properly documented, which
makes this work quite challenging for automation.

We plan to extend our work towards weekly rosters and
include staff buffers to cover vacations and sicknesses. We
will also supplement the model with constraints reflecting
individual controller preferences and airport specifics, finally
transforming it into a handy support tool for future staff
planning.
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