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+  Provides air traffic services to small airports

¥ - Replaces local tower with cameras and sensors

+ Increases efficiency: HR and ATS costs are split
between several airports
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+  Provides air traffic services to small airports

*  Replaces local tower with cameras and sensors

+ Increases efficiency: HR and ATS costs are split
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Remote Tower Center (RTC)

+  Provides air traffic services to small airports

*  Replaces local tower with cameras and sensors

+ Increases efficiency: HR and ATS costs are split
between several airports

+  First RTC: Sundsvall RTC

*  New RTC build in Stockholm
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Remote Tower Center

« How to distribute the total taskload from several airports over several air traffic
controller (ATCO) working positions?
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Remote Tower Center

« How to distribute the total taskload from several airports over several air traffic
controller (ATCO) working positions?

« How to assign a qualified ATCO to each position, respecting the constraints on the
duration of controllers shifts, breaks and the necessity of maintaining ratings?
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Remote Tower Center

« How to distribute the total taskload from several airports over several air traffic
controller (ATCO) working positions?

« How to assign a qualified ATCO to each position, respecting the constraints on the
duration of controllers shifts, breaks and the necessity of maintaining ratings?

= Development of general optimization framework designed as a flexible tool for staff
planning/shift scheduling
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Remote Tower Center (RTC)

«  Which factors contribute to ATCQO’s workload?
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«  Which factors contribute to ATCO’s workload?
 Difference in workload at RTC vs. conventional towers?
« How do we factor in unscheduled events: weather?
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Remote Tower Center (RTC)

«  Which factors contribute to ATCO’s workload?

« Difference in workload at RTC vs. conventional towers?
« How do we factor in unscheduled events: weather?

= Study of ATCO workload in RTCs
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Remote Tower Center (RTC)

«  Which factors contribute to ATCO’s workload?

« Difference in workload at RTC vs. conventional towers?

« How do we factor in unscheduled events: weather?

= Study of ATCO workload in RTCs

= Integration of probabilistic modeling for increased predictability of the extra workload due
to unscheduled events (extreme weather conditions) into optimization framework
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Assigning Airports to Remote-Tower Modules

Given:

(1) Example schedules IFR traffic schedules for 1 day
(movements = arrival + departure flights) for five
Swedish airports

(2) Specifications of additional special traffic at these
airports (military, school, hospital etc.)

(3) Airport opening hours

(4) Number of airports assigned to one module bounded
(1,2,3,?)

(5) Total number of moves within a module is bounded

Goal: Propose optimal assignment of the airports to RTC
modules

T. Andersson, P. Axelsson, J. Petersson, T. Polishchuk, V. Polishchuk, C. Schmidt. Configuration and Planning of the Remote Tower Modules in a Remote Tower Center. In ICRAT'16, Philadelphia, USA.
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ATCO Rostering at an RTC
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* Workload from several airports (#movements per airport)

LINKOPING B. Josefsson, T. Polishchuk, V. Polishchuk, C.Schmidt: Scheduling Air Traffic Controllers at the Remote Tower Center, In 36th
I‘ UNIVERSITY IEEE/AIAA Digital Avionics Systems Conference (DASC), 2017.
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* Workload from several airports (#movements per airport)
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ATCO Rostering at an RTC

* Workload from several airports (#movements per airport)
* Maximum time “in position”
* Scheduled breaks
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ATCO Rostering at an RTC

* Workload from several airports (#movements per airport)
* Maximum time “in position”

* Scheduled breaks

* Endorsements and trainings

LINKOPING B. Josefsson, T. Polishchuk, V. Polishchuk, C.Schmidt: Scheduling Air Traffic Controllers at the Remote Tower Center, In 36th
I‘ UNIVERSITY IEEE/AIAA Digital Avionics Systems Conference (DASC), 2017.



ATCO Rostering at an RTC
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ATCO Rostering at an RTC

* Workload from several airports (#movements per airport)
* Maximum time “in position”

* Scheduled breaks

* Endorsements and trainings

* 24/7 operation

« Automation needed

LINKOPING B. Josefsson, T. Polishchuk, V. Polishchuk, C.Schmidt: Scheduling Air Traffic Controllers at the Remote Tower Center, In 36th
I‘ UNIVERSITY IEEE/AIAA Digital Avionics Systems Conference (DASC), 2017.
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ATCO Rosterlng at RTC—Objective: min #ATCOs

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

19-Oct-16
: 7 |ar1 0 0 0 2 0 0 0 0 0 m 0 0
High traffic [ 1 [ N s 7 48 6 8 2 0
AP3 1 0 2 s RN 6 4 6 6 4 3 1 2 2
AP4 0 0 0 2 2 3 2 2 2 4 3 0 2 0 0 0 0
AP5 0 0 0 sl 2 1 0 2 4 3 2 n 1 2 01 00

shifts] 0 1 2 3 4 5 6 7 8 9101112 13 14 15 16 17 18 19 20 21 22 23

I I
L

Fi-:-:--:!

Total #. of ATCOs |Av. # of ATCOs per airport|Av. # endorsements per ATCO|Av. time in position| Av. time at work
8 3.4 2.13 7.5 9.38 0.8

VB W N =

N

LINKOPING B. Josefsson, T. Polishchuk, V. Polishchuk, C.Schmidt: Scheduling Air Traffic Controllers at the Remote Tower Center, In 36th
I." UNIVERSITY IEEE/AIAA Digital Avionics Systems Conference (DASC), 2017.



ATCO Rostering at an RTC- ObJectlve min #ATCOsS
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ATCO Rostering at an RTC-0bjective: min #ATCOs
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RTC Efficiency Evaluation

NUMBER OF CONTROLLERS INDIVIDUAL 5 AIRPORTS SAME 5 AIRPORTS AT RTC

Lower bound for the highest

traffic day (October 19, 2016) 17 g
With the buffer of 33% — 45%
for the highest traffic day 2634 12-15

(October 19, 2016)
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RTC Efficiency Evaluation

NUMBER OF CONTROLLERS INDIVIDUAL 5 AIRPORTS SAME 5 AIRPORTS AT RTC
Lower bound for the highest 17
traffic day (October 19, 2016)
With the buffer of 33% — 45%
for the highest traffic day 26-34 12-15

(October 19, 2016)
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ATCO Workload Investigation

« Within CAPMOD project:

Data analysis from Simulations
- DLR simulation data
- Sundsvall validation trials (May-June 2019)
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ATCO Workload Investigation

« Within CAPMOD project:

Data analysis from Simulations
- DLR simulation data
- Sundsvall validation trials (May-June 2019)

Observations and data collection in conventional towers (field study) + data analysis
- Field study at Bromma airport (March 2019) video-recording, audio,
questionnaires

Statistical learning: Subjective vs. objective assessment (workload rating vs.

quantitative measures derived from eye tracking and video analysis)
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ATCO Workload Investigation

« Within CAPMOD project:

Data analysis from Simulations
- DLR simulation data
- Sundsvall validation trials (May-June 2019)

Observations and data collection in conventional towers (field study) + data analysis
- Field study at Bromma airport (March 2019) video-recording, audio,
questionnaires

Statistical learning: Subjective vs. objective assessment (workload rating vs.

quantitative measures derived from eye tracking and video analysis)

« Now running: OWL project (On WorkLoad Measures)

B. Josefsson, J. Jakobi, A. Papenfuss, T. Polishchuk, C. Schmidt, L. Sedov Identification of Complexity Factors for Remote Towers. In SESAR Innovation Days (SID 2018), December 3-5, Salzburg.
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Bromma Field Study

Weather Impact

Arrival, 8.13%
Ground,

26.63%

Clearance,
18.49%
Departure,
15.37%
_Comm,
17.70%

Taxi, 12.68% _
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Weather Impact on ATCO Work

« Increased communication with ground services and pilots
«  More frequent out-of-window observations
«  Changes in Arrival and Departure routes and procedures

—
-

B. Josefsson, A. Lemetti, T. Polishchuk, V. Polishchuk, C. Schmidt. Integrating Weather Impact in RTC Staff Scheduling. SESAR Innovation Days (SID) 2020.
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Weather Impact on ATCO Work

Increased communication with ground services and pilots
More frequent out-of-window observations
Changes in Arrival and Departure routes and procedures

Conventional towers: staff adjustments are quite rare despite noticeable influence J )
of weather

Remote towers: weather impact to be integrated into automated rostering D
Multiple operation: ensure no controller is confronted unmanageable workload

B. Josefsson, A. Lemetti, T. Polishchuk, V. Polishchuk, C. Schmidt. Integrating Weather Impact in RTC Staff Scheduling. SESAR Innovation Days (SID) 2020.

LINKOPING
II. UNIVERSITY E. Hérnandez-Romero, B. Josefsson, A. Lemetti, T. Polishchuk, C.Schmidt: Integrating Weather Impact in Air Traffic Controller Shift Scheduling in Remote and
Conventional Towers, In EURO Journal on Transportation and Logistics



Weather Impact on ATCO Work

Increased communication with ground services and pilots
More frequent out-of-window observations
Changes in Arrival and Departure routes and procedures

Conventional towers: staff adjustments are quite rare despite noticeable influence J )
of weather

Remote towers: weather impact to be integrated into automated rostering D
Multiple operation: ensure no controller is confronted unmanageable workload
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Weather Impact on ATCO Work

Increased communication with ground services and pilots
More frequent out-of-window observations
Changes in Arrival and Departure routes and procedures

Conventional towers: staff adjustments are quite rare despite noticeable influence J )
of weather

Remote towers: weather impact to be integrated into automated rostering D
Multiple operation: ensure no controller is confronted unmanageable workload

No good measures or classifications for weather impact on ATCOs exist

Research questions:

How do different weather phenomena impact ATCO workload at different airports?
How to quantify the weather-induced capacity reductions?

How can we integrate this impact in RTC staff scheduling?
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Weather Impact on ATCO Work

Increased communication with ground services and pilots
More frequent out-of-window observations
Changes in Arrival and Departure routes and procedures

Conventional towers: staff adjustments are quite rare despite noticeable influence J )
of weather

Remote towers: weather impact to be integrated into automated rostering D
Multiple operation: ensure no controller is confronted unmanageable workload

No good measures or classifications for weather impact on ATCOs exist

Research questions:

How do different weather phenomena impact ATCO workload at different airports?
How to quantify the weather-induced capacity reductions?

How can we integrate this impact in RTC staff scheduling?

Contributes to: safety assessment of multiple operation (required by unions and regulation bodies)
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Weather Impact on ATCO Work

To integrate weather impact into RTC staff scheduling we propose these steps:
Identify impactful weather phenomena for each considered airport

Define threshold values for these impactful weather phenomena

Obtain weather data in form of EPS

Obtain flight movements data for all airports for the chosen dates.
Calculate a distribution of the necessary number of ATCOs for RTC staffing
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Weather Impact on ATCO Work

Prose formulation Numerical value
no 0
rarely, not too much 0.25
sometimes, maybe, can happen, several times 0.5
often, increased, more likely, higher 0.75
= 1
much more; yes, significantly 1.25

To integrate weather impact into RTC staff scheduling we propose these steps:
Identify impactful weather phenomena for each considered airport

Define threshold values for these impactful weather phenomena

Obtain weather data in form of EPS

Obtain flight movements data for all airports for the chosen dates.
Calculate a distribution of the necessary number of ATCOs for RTC staffing
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Weather Impact on ATCO Work

To integrate weather impact into RTC staff scheduling we propose these steps:
Identify impactful weather phenomena for each considered airport

1.

2. Define threshold values for these impactful weather phenomena

3. Obtain weather data in form of EPS

4. Obtain flight movements data for all airports for the chosen dates.

5. Calculate a distribution of the necessary number of ATCOs for RTC staffing

Snow We summed up the numerical values reflecting controller’s answers and divided by the number of additional tasks
Precipitation

Low Visibility '

Strong Winds
Convective Activity
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Weather Impact on ATCO Work

To integrate weather impact into RTC staff scheduling we propose these steps:
Identify impactful weather phenomena for each considered airport

Define threshold values for these impactful weather phenomena

Obtain weather data in form of EPS

Obtain flight movements data for all airports for the chosen dates.
Calculate a distribution of the necessary number of ATCOs for RTC staffing

R

Input: Flight movements at several RTC airports per hour
Output: Optimal assignment of controllers to RTC airports per hour
Constraints: Operational + controller shift constraints (in multiple mode - max 2 a/p per ATCO)

Formulated as MILP (mixed-integer linear program)
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Weather Impact on ATCO Work

February 16, 2020 (6:00 - 14:00) winter weather  July 29, 2020 (14:00-22:00) summer weather

No weather impact: 5 controllers needed
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Now: Train Dispatchers

* The role of a train dispatcher:
» Monitoring & controlling train traffic
» Routing, communication, administration, ...
 Operating 24/7: risk for fatigue
 High tempo: high workload (WL) level
« What could be improved?
Shift scheduling today:
» Manual process
* Very complex and time consuming
* Should fulfill many legal and operational constraints
« May result in over/understaffed shifts: cost vs safety

Image source: https://www.flickr.com/photos/americaspower/3418746613/
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Problem

« A set of geographical areas to cover (for
one day)
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Problem

« A set of geographical areas to cover (for
one day)
« A set of dispatchers to be assigned to the
areas
« Allowed shift length
« Minimum resting time between shifts
« Task load (train movements) per area and
time period
« The objective: minimize # of used
dispatchers
« Areas can be combined if
« Taskload allows it
« Assigned areas are adjacent

i Lidén, T., Schmidt, C., & Zahir, R.(2023). Shift Scheduling for Train Dispatchers. In 70th International Conference on Railway
B 0\\2o7,  Operations Modelling and Analysis (ICROMA), Belgrade, Serbia, April 25th—28th, 2023 (pp. 120-120).



Train Dispatchers: First Model

Variables Description

x; ik € {0,1} =1 if dispatcher 7 is assigned area j during period £

ciern € 40,1} =1 if dispatcher 7 is assigned area combination ¢ during period k
yir € {0,1} =1 if dispatcher 7 is at work during period £

vik € 40,1} =1 if dispatcher 7 starts a shift during period k&

qi € {0,1} =1 if dispatcher 7 is used during some period

LINKOPING Lidén, T., Schmidt, C., & Zahir, R.(2023). Shift Scheduling for Train Dispatchers. In 70th International Conference on Railway
I. UNIVERSITY Operations Modelling and Analysis (ICROMA), Belgrade, Serbia, April 25th—28th, 2023 (pp. 120-120).
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Train Dispatchers: First Model ™
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Train Dispatchers: First Model

+ Taskload does not exceed the maximum

* Only assigned if dispatcher is qualified for the area

» Only start if at work, and was not at work before

*  Minimum and maximum shift length

 If dispatcher starts, he works, and if he works, he must start

 If dispatcher i works during k, he must be assigned to some area j

*  Minimum rest between shifts

« If connected component ¢ is assigned to dispatcher i during k, so
have to be all areas j in that CC
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* Only start if at work, and was not at work before

*  Minimum and maximum shift length
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*  Minimum rest between shifts
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Train Dispatchers: First Model

+ Taskload does not exceed the maximum

* Only assigned if dispatcher is qualified for the area

* Only start if at work, and was not at work before

*  Minimum and maximum shift length

 |f dispatcher starts, he works, and if he works, he must start

 If dispatcher i works during k, he must be assigned to some area j

*  Minimum rest between shifts

« If connected component ¢ is assigned to dispatcher i during k, so
have to be all areas j in that CC

* Negative connection of x and ¢
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Base scenario:
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OLENERS

Base scenario:
o Artificial data based on info from Trafikverket
e Task load based on train movements

Type and Night time Morning rush  Evening rush Day time
(list of areas) (0-6) (6-9) (15-20) (9-15 & 20-24)
Single-track {23} {14,15.16} {14,15,16} {9.10.11}
(1,10,11,12,13)
Double-track {9.10,11} {9.10.11} {19.20.21} {9.10.11}
(2,5.6.8.9.14.15)
Complex {10,11,12,13,14}  {13.,14,15,16} {14.15,16,17} {10.11,12,13,14}
(3.4.7)
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OLENERS

Base scenario:
o Artificial data based on info from Trafikverket
e Task load based on train movements

p0 | pl [ p2 [ p3 | p4 [ p5 | p6 | o7 [ 98 | 9 | plo [pil]| pl2 | pi3 | pia |pis| pi6 | pi7 | pl8 | p19 | p20 | p21 | p22 | p23 ]

ar.l P 3 3 p 3 3 15 15 16 9 9 1 10 11 11 9 14 1 14 10 10 10 10 9
ar.2 11 11 10 11 10 9 11 1 9 11 9 9 11 9 11 21 21 21 18 20 11 11 9 9
ar.3 11 12 13 11 11 11 15 14 15 13 12 13 13 11 10 13 16 16 16 11 13 14 10 12
ar4 11 13 13 13 10 11 13 16 14 13 13 13 14 11 13 12 6 15 15 13 10 12 13 10
ar.5 11 11 11 10 9 9 9 9 1 11 9 9 9 10 11 19 20 21 19 20 9 9 10 9
ar.6 9 9 10 10 11 10 9 9 10 11 10 10 10 9 9 21 20 20 20 19 9 10 11 10
ar.7 11 14 11 13 13 12 16 15 14 10 13 12 12 13 14 14 14 15 16 12 11 11 11 13
ar.8

9 11 1 10 10 10 11 9 9 10 g 1 11 9 11 20 1 18 20 21 11 11 10 10
ar.9 10 10 9 g 11 10 10 1 9 10 10 10 10 10 11 1% 19 19 21 21 11 11 9 10
ar.10 3 p 3 p 3 3 16 14 16 11 9 10 10 10 9 1 14 15 15 g 11 1 g 11
ar.11 p p p 3 3 2 14 14 15 11 9 10 10 10 10 11 14 15 16 11 11 9 11 10
ar.12 p 3 p p 3 2 16 14 14 9 11 9 11 10 10 10 14 14 14 9 10 10 10 9
ar.13 3 3 p p 3 2 14 16 14 10 9 10 10 9 11 11 15 1 16 11 11 10 11 11
ar.14 9 11 1 9 10 10 9 9 9 11 10 11 10 11 9 21 20 20 20 20 11 9 10 10
ar.15 9 9 10 9 11 11 10 10 10 11 10 10 9 10 11 20 19 18 18 18 10 10 9 9

LINKOPING Lidén, T., Schmidt, C., & Zahir, R.(2023). Shift Scheduling for Train Dispatchers. In 70th International Conference on Railway
I. UNIVERSITY Operations Modelling and Analysis (ICROMA), Belgrade, Serbia, April 25th—28th, 2023 (pp. 120-120).



OLENERS

Base scenario:

o Artificial data based on info from Trafikverket
» Task load based on train movements

« 22 dispatchers (available) to cover 15 areas
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Base scenario:

o Artificial data based on info from Trafikverket
» Task load based on train movements

« 22 dispatchers (available) to cover 15 areas

« Min and max shift length: [4h-11h]
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OLENERS

Base scenario:

o Artificial data based on info from Trafikverket
» Task load based on train movements

« 22 dispatchers (available) to cover 15 areas

« Min and max shift length: [4h-11h]

« Min rest between shifts: 11h
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Base scenario:

o Artificial data based on info from Trafikverket
« Task load based on train movements

« 22 dispatchers (available) to cover 15 areas

« Min and max shift length: [4h-11h]

« Min rest between shifts: 11h

« Max task load: 30 movements
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OLENERS

Base scenario:

« Artificial data based on info from Trafikverket
 Task load based on train movements

« 22 dispatchers (available) to cover 15 areas

« Min and max shift length: [4h-11h]

« Min rest between shifts: 11h

« Max task load: 30 movements

« Max size of area combinations: 3
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OLENERS

Base scenario:

« Artificial data based on info from Trafikverket
 Task load based on train movements

« 22 dispatchers (available) to cover 15 areas

« Min and max shift length: [4h-11h]

« Min rest between shifts: 11h

« Max task load: 30 movements

« Max size of area combinations: 3

« Endorsement ratio: 100%
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Used 21 dispatchers

« _ * Min shift length: 4h
Result Base Scenario , v, hift lengih: 11h
Avg. shift length: 10.23h
» Avg. nr. Assigned areas: 1.67¢
* Run time: 57s
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Changing the Ratio of Endorsements Hold

nr dispatchers

run time
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Different Maximum Cardinality of Connected Components

nr dispatchers

run time
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Removing Areas with High Degree in Adjacency Graph

nr dispatchers 21

run time
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Removing Areas with Low Degree in Adjacency Graph

nr dispatchers 21

run time 305S 2458 2528
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Removing Areas with Low Degree in Adjacency Graph

nr dispatchers 21
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What Should We Improve?
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What Should We Improve?

e Runtime
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What Should We Improve?

e Runtime
e Too short shifts
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What Should We Improve?

« Runtime
« Too short shifts
« Undesirable starting times
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What Should We Improve?

« Runtime
« Too short shifts
« Undesirable starting times

« Too many handovers
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Runtime: Stronger Formulation
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Runtime: Stronger Formulation

 Assignments steered by variables ¢;;x (CCs) instead of x;;x
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Runtime: Stronger Formulation

 Assignments steered by variables ¢;;x (CCs) instead of x;;x
» Connect variables x;r and ¢« to track area assignments
» Runtime reduced by about 90%
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Old Model
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New Model

Taskload does not exceed the maximum

Only assigned if dispatcher is qualified for the area

Only start if at work, and was not at work before

Minimum and maximum shift length

If dispatcher starts, he works, and if he works, he must start

If dispatcher i works during k, he must be assigned to some area |

Minimum rest between shifts

If connected component ¢is assigned to dispatcher i during k, so have to be
all areas j in that CC

If i works during k, they must be assigned to one CC

Negative connection of x and ¢
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If connected component ¢is assigned to dispatcher i during k, so have to be
all areas j in that CC

If i works during k, they must be assigned to one CC

Negative connection of x and ¢
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ei; Vie D,Vje AvkeP

<
Vi k 2 Yik — Yi(k=1)(mod p) Vi € D,Vk € P 3)
Uik < ik Vie D,Vk € P 4)

Vi k < qi Vi € DYk € P @)
S vik > g Yie D ®)
keP

D" viumod < G-k vieDVkeP (11
p=k+1

Vi € A k € Lt
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If dispatcher i works during k, he must be assigned to some area |

Minimum rest between shifts

If connected component ¢is assigned to dispatcher i during k, so have to be
all areas j in that CC

If i works during k, they must be assigned to one CC

Negative connection of x and ¢

LINKOPING T. Lidén, C. Schmidt, R.Zahir: Improving Attractiveness of Working Shifts for Train Dispatchers,
I." UNIVERSITY Presented at 25th Euro Working Group on Transportation Meeting (EWGT 2023) and submitted for publication



Old Model

i Vi€ D,Yj€ AVkeT

<
Vi k > Yik — Yi,(k—1)(mod p) Vi € D,Vk € P 3)
Uik < ik Vie D,Vk € P 4)

Vik < g Vi € D,Yk € P (7)
S vik > ¢ Yie D 8)
keP

D" viumod < G-y vieDVkeP (11
p=k+1

Vi € A k € Lt

New Model

Taskload does not exceed the maximum

Only assigned if dispatcher is qualified for the area

Only start if at work, and was not at work before

Minimum and maximum shift length

If dispatcher starts, he works, and if he works, he must start

If dispatcher i works during k, he must be assigned to some area |

Minimum rest between shifts

If connected component ¢is assigned to dispatcher i during k, so have to be
all areas j in that CC

If i works during k, they must be assigned to one CC

Negative connection of x and ¢

a,;is equal to 1 whenever area j is an element of area combination £.
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Old Model

i Vi€ D,Yj€ AVkeT

<
Vi k > Yik — Yi,(k—1)(mod p) Vi € D,Vk € P 3)
Uik < ik Vie D,Vk € P 4)

Vik < g Vi € D,Yk € P (7)
S vik > ¢ Yie D 8)
keP

D" viumod < G-y vieDVkeP (11

Vi € A k € Lt

Vie D,Vk € P (14)

New Model

* Taskload does not exceed the maximum

* Only assigned if dispatcher is qualified for the area

* Only start if at work, and was not at work before

* Minimum and maximum shift length

* If dispatcher starts, he works, and if he works, he must start

* If dispatcher i works during k, he must be assigned to some area |

¢ Minimum rest between shifts

* If connected component ¢ is assigned to dispatcher i during k, so have to be

all areas j in that CC

* If i works during k, they must be assigned to one CC

* Negative connection of x and ¢

a,;is equal to 1 whenever area j is an element of area combination £.

§ : E Cigk - agg-TLjk

JEA LeC

Citk

E Ci 0k

tec\{o}

Ci,0,k
E ag,j - Citk

reC\{0} i€D

<

<

L™ Vie D,Vke P

ei; VieDVLeCNjelVkeP

Yik Vie D,Vk e P
1—vyik Vie D,Vke P
1 Vke PVje A

(17)

(18)
(19)

(20)
(21)
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Experiments: Stronger Formulation

Ia,b,Ar
ais the endorsement ratio
b is the maximum size of area combinations
Set A.contains the areas that have been removed from the 15 areas in the basic scenario

Basic model Strong model

In. d row; col | R(s) | row; col | R(s) | %dif
I 3¢ 21 | 18221; 34120 | 58 | 3019; 27058 | 8.3 | -86
L3 21 | 9152; 10192 | 23.1 | 3015; 7605 | 8.4 | -64
L3309 22 | 6038; 6127 | 21.6 | 3009; 4923 | 87 | -60
Liag 21 | 37926; 38058 | 97 | 3019; 30622 | 18.4 | -81
I 29 22 | 18221; 26662 | 39 | 3019; 19600 | 4.98 | -87
L 33 | 4627; 14313 | 30.5 | 4592; 14313 | 69 | +126

I;a013y | 20 | 47985; 32272 | 305 | 2995; 25738 | 10.3 | -97
Iiaqiss) | 18 | 45573; 31070 | 245 | 2971; 24264 | 9.36 | -96
13131415 | 17 | 35155; 27190 | 244 | 2947; 21514 | 9.45 | -96
Iis0y | 20| 17053; 27014 | 39 | 2995; 20524 | 7.9 | -80
Iisg710) | 19 | 15929; 23890 | 25 | 2971;17950 | 5.2 | -79
Iisgs710) | 18 | 15069; 20546 | 21 | 2047; 15024 | 4.64 | -78

Wha |

(W]
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Handling Handovers—Approach #1: Minimize #Handovers

period
k

==

New constraints with binary variables z;jx=1 if a dispatcher i gets a new area j in period k:

period

Ti, g,k — *i,j,(k—1)modp = i3,k Vie D,Vj € A,Vk € P

New objective function: min . Z Z Z Zi j.k
ieDjeAkeP
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Handling Handovers—-Approach #2: Minimize #Handovers of CCs

period

® k+1

period

) A 4

New constraints with new variables hix=1 if dispatcher i is involved in a handover:
h; . — c.
ik 2 ek~ %, (k—1)modp vie D,vee C\ {0},Vk € P

New objective: ™"~ Z > hik
1€D kLeP
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Handling Handovers—Approach #3: Minimize #Newly Assigned Areas

period period

k-1

.. =#areas in the set £ and not in £’

New constraints with variables s;x= #new assigned areas to dispatcher i in period k:
Vi€ D,Vk € P,
o (Ci ek T o/ (k—1)ymodp — 1) < sik

New objective:  min . Z Z Sik
e D keP

ve! e c,ve e ¢\ {0}
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Handling Handovers—-Approach #4: Minimize #Givers

period period

k-1 k b..= 1 whenever area
combinations £ and £’ have at least
one common area

_________ e ,’______,————:‘:-—’::? u.« =# dispatchers (givers) that, in
D D Y the previous time period k - 1,

were controlling the areas in the
------------------ ! \ area combination £
|
I
1

wp e + M- (—cipp) 2 D YpeCi gl (k—1)modp vie D,vk € P,v¢ € C\ {0}
i'eD:i’ #i |
¢’ec\{0}

min . Z Z up L

lteC keP
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OLENERS

Small instance with 8 areas and 5 periods (night, morning, noon, early evening, late

evening), 8 used dispatcher:

sm Approa(;h 1 Approach-2 Approach 3 | Approach 4
min.#disp | min.)_ 2k min.)  hix min. ) sk min.»  u
F#rows 239 1160 992 15648 1085
#columns 896 1488 928 928 994
> Zijk 31 16 18 16 16
> hix PA 14 13 15 14
> sik 31 16 18 16 16
> upk 26 11 18 13 11
II. LINKOPING T. Lidén, C. Schmidt, R.Zahir: Improving Attractiveness of Working Shifts for Train Dispatchers,

UNIVERSITY
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OLENERS

Small instance with 8 areas and 5 periods (night, morning, noon, early evening, late
evening), 8 used dispatcher:

Approaéh 1

Approach 2

> b

sm Approach 3 | Approach 4
min.#disp | min.)_ 2k min.)  hix min.)  s; min. ) u k
#rows 239 1160 992 15648 1085
#columns 896 1488 928 928 994
e— — TN I N N e

Y Sik

> upk
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Experiments

Small instance with 8 areas and 5 periods (night, morning, noon, early evening, late
evening), 8 used dispatcher:

sm Approa(_:h 1 Approach-2 Approach 3 | Approach 4
min.#disp | min.)_ 2 min.)  hix min.)  Six min.)_ u k
#Trows 239 1160 992 15648 1085
#columns 896 1488 928 928 994
runtime I TRy | NV iy g TRy
[ Rt g ;',,:.:;, an :,:, Jk e ;b» e J
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OLENERS

Fixed the time resolution: 12 periods, 2h/period

Appro:;lch 1 Approach 2
min.z; j k min.h;
>
ar | d
il (zi.j,kahi.kasi,kauf,k) _ (zi,j,keh‘i,kasi.k,ul’,k)
g |11 16,11,16,14 16,11,16,14
10 13 20,13,20,18 20,13,20,20
12 (16 24,16,24,22 24,16,24,22 Fixed #areas: 12 areas
Approach 1 Approach 2
min.z; j k min.h; i
> rOowW;
r| d :
#P Edel (2ij.k, Piks Sik, Uek) oh (Zijs Riks Sies Uek)
5 |11 E 24212422 {  20,19,29,22
8 15 24,15,24,20 24,15,24,20
12 |16 24,16,24,22 24,16,24,22

LINKOPING
UNIVERSITY
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Experiments: Real-World-Sized Instance

pr.0 Jpr.1 Jor2 Jor.3 Jor4 [or.5 Jpr.6 Jor.7 Jor.8 Jor9 Jor.10 prii pr.12[pr.13[pr.14]pr.15[pr.16]pr.17 pr.18]pr.19]pr.20[pr.21 pr.22]pr.23
1 14
D1 a 10 2 14 8 3 5 15 L
2 12 1 1
D2 6 11 15 1 2 il 12 8 3 2 2
L 1] TR
D3 |9 |9 |s 3 s |8 s |2 |a [13 |8
re S A P A
D4 15 14 |9 2 |6 s [13 [1a [s |s |a
11 6 € 5 11
1a 1a P 0 2 8 1a
Ds 13 |14 15 [15 10 [n [2 o |6 15 |2
1 8
2 E) 6 7 1 10 8 12 3 2
D6 3 4 7 10 2 14 9 3 8 3 13
5 .- 5
8 E 11 8 5 g
D7 9 f4 f12 J9 |7 |6 o
7
10 12 8 a
pg [15 [6 |9 [11 |13 7 |13 fo [7 |6 |o
5
b 4 8 la 1a 12 1 5
Do [3 [10 [7 [s o |1 [15 (13 2 T
1 11 11
3 2 12 12 11
D10 4 las [3 13 a1 13 |1 s [6 [2 |12
1
1 12 a 12 1n 10 12
pu 2 [13 9 |7 13 [13 [12 J11 f13 |3 |3
10
L] 1a
D12 |1 4 17 o |3 |15 [14 |7 Jis [a |13
6
10 -3
D13 |14 4 10 13 10 & 5 5 1 4
11 -
12 14 & 12 1 8 11
Ipafs Jas J13 12 15 o Ja3 [2 10 |12
D15 2 |15 [15 J10 |2 8 J15 8 2 5 [12 ]
5 5
8 8 [3 |4 |0 |14 |8 14
D162 |11 |3 |s |5 [7 fa1 |15 |o 9 |15
12 5 10 a &
D17 13 |7 7 | 6 fu [z |2 0
|n a 3 6 6
D18 12 5 a 4 10 7 S 1 15 9 9
1 |10 [12 |10 E) 5
D19 12 11 13 11 6 4 6 .0 1
10
14 |14 [5 |3 | 12
D20 15 15 8 a 15 14 5 13
R E TR
i 2 2 2 2 12 6 10 3 6
D21 |8 3 4 3 4 pE] 7 1l 13 5 10
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Approach 1: optimal solution in about 102 minutes
Approach 2: optimality gap even after 72
hours, but with good handover-measure values.

Experiments: Real-World-Sized Instance

pr.0 Jpr.1 Jor2 Jor.3 Jor4 [or.5 Jpr.6 Jor.7 Jor.8 Jor9 Jor.10 prii pr.12[pr.13[pr.14]pr.15[pr.16]pr.17 pr.18]pr.19]pr.20[pr.21 pr.22]pr.23
1 14
D1 a 10 2 14 8 3 5 15 L
2 12 1 1
D2 6 11 15 1 2 il 12 8 3 2 2
L 1] TR
D3 |9 |9 |s 3 s |8 s |2 |a [13 |8
I
D4 15 14 |9 2 |6 s [13 [1a [s |s |a
11 6 € 5 11
12 1@ [18a [7 | |2 |8 14
Ds 13 |14 15 [15 10 [n [2 o |6 15 |2
1 8
2 E) 6 7 1 10 8 12 3 2
D6 3 4 7 10 2 14 9 3 8 3 13
5 .- 5
8 E 11 8 5 g
D7 9 f4 f12 J9 |7 |6 o
7
10 12 8 a
pg [15 [6 |9 [11 |13 7 |13 fo [7 |6 |o
5
b 4 8 la 1a 12 1 5
Do [3 [10 [7 [s o |1 [15 (13 2 T
1 11 11
3 2 12 12 11
D10 4 las [3 13 a1 13 |1 s [6 [2 |12
1
1 12 a 12 1n 10 12
pu 2 [13 9 |7 13 [13 [12 J11 f13 |3 |3
10
L] 1a
D12 |1 4 17 o |3 |15 [14 |7 Jis [a |13
6
10 -3
D13 |14 4 10 13 10 (3 5 5 1 4
11 -
12 14 & 12 1 8 11
!914 s 15 13 12 15 < 13 2 1 10 12
D15 2 |15 [15 J10 |2 8 J15 8 2 5 [12 ]
5 5
8 8 [3 |4 |0 |14 |8 14
D162 |11 |3 |s |5 [7 fa1 |15 |o 9 |15
12 5 10 a &
D17 13 |7 7 | 6 fu [z |2 0
|n a 3 6 6
D18 12 5 a 4 10 7 S 1 15 9 9
1 |10 [12 |10 E) 5
D19 12 11 13 11 6 4 6 .0 1
10
14 |14 [5 |3 | 12
D20 15 15 8 a 15 14 5 13
R E TR
i 2 2 2 2 12 6 10 3 6
D21 |8 3 4 3 4 pE] 7 1l 13 - 10
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Approach 1: optimal solution in about 102 minutes
Approach 2: optimality gap even after 72
hours, but with good handover-measure values.

Experiments: Real-World-Sized Instance

1.0 Jpr.1 Jpr2 Jor.3 Jord Jer.5 [pr.6 Jpr.7 Jor.8 Jor9 [or.10 prii pr.12lpr.13 pr.u‘;n.u pr.16[pr.17| pri8[pr.19 ;;:zo pr.21]pr.22]pr.23 50 ol [ [or [pid [ors [prs Jpr? [prd [ord [prio pril priz]pri]prtalpr1s]pr 16]mr 17 pr 18] 18]pr 20]pr 21]pr 22]pr2d
D1 a 0 |2 1 |8 |3 s 15 g 10 (10 (10 12 |12
n 12 1 1 D1 11 11 11 10 f13 f13 f12 |12 |12 |12 |12
D2 6 11 15 1 2 il 12 8 3 2 2 ‘ | |6 | ‘5 |
1 [3 |12
LENE) |9 |5 | 2 s s | |2 !3 [13 Is D2 |6 |6 6 6 |6 6 |6 |7 |7 |7 [s
1a [10 I I) l | | | 6 5 6 6 (3
D4 15 |14 Jo |2 e |5 13 |14 |5 |6 |a 10 |10 [0 [10 |10 [10 |10 |10 |10
i Sl j jﬂ g i D3 11 [11 (11 (i1 11 |11 11 |1 11 |1 [0
ps [13 J1a [15 |15 [10 |n |2 [o e 15 |2 (D4 | SN S| S | S | |30 5|
1 0 14 [14 |14 |14
2 3 6 7 1 0 |8 2 3 2 D5 15 [15 |15 (15 |14 |14 (14 |14 (14 |14 |14
D6 3 4 7 10 2 14 9 3 8 3 13 3 |3 |3 |3 |3 | R
5 .- 5
8 3 11 |8 5 g [ E 3 3 3 4 |4 4 |4 4 3 3
b7 lo la f12 Jo |7 [6 o 4 [a [a 4 (4 [a
Zo 12 - s D7 5 |5 |5 4 4 |4 |5 [5 |5 |5
pg |15 |6 [9 |11 |z 7 J13 lo |2 [6 |o ELEJEE ke i EL IR ek
B D8 2 2 2 2 2 2 1 2 2 2
7 3 8 1B (18 (12 1 5 10 (10
Do [3 o [7 s [o |15 |15 a3 i - 200 o R 0 |10 |10 [0 |10 0 [10 |1 |12 |0
8 s | = o D9 |1 (11 [u |1 [u 1 |1 |11 19 14 |
D10 4 fas [z fa3 [11 faz [13 Jas [6 [o Ja2 2 [+ Ja & Ja [+ o Ja
1n D10 TS 7 | 7 | 7 T 7 | 7| 7| 7| 7 | 7
1 12 a 12 1 10 12 S |
p11 |2 [13 9 |7 a3 |13 12 f11 a3 |3 |3 12 |12 |12 |2 |12 (12
10 D11 13 |13 |13 (13 |13 |13 |13 (13 |13 |13 |13
6 18 8 8
D12 |11 4 |7 fo fa |15 Jia |7 |15 |a |13 p12 b lE B EE B B
6
10 8 1 1 1 1
D13 |14 |4 10 |13 10 Je 5 5 1 4 D13 1 1 1 2 2 2 2 1
= = EE B IE E IE
12 14 & 12 1 11
'914 s 15 13 12 15 < 13 2 1 10 12 8 8 8 8 8 8 8 B 8 8 8
D15 2 |15 [15 J10 |2 8 J15 8 2 5 [12 ] Di4fs 9 |9 9 |9 |9 |8 |9 |8 9 |9
5 5 [ [15 55 15 J15 15 [15 15 [15 [15
L e B R R ok 2 (12 [ 2 [ iz Ju 12 |2 12 |1
d 1z 5 ™ 2 3 D16 |13 |13 (13 113 |13 (13 [13 |13 |13 13 |13
D17 e | 7200 | 7| 7 4 | N | 508 | 70 | 18 D17 SRR | N o R | O Y | G G 1 | N | 9 ) | O T
| a 3 3 6 6 5 5 B 5 5
D18 3 4 4 10 |7 5 1 15 19 ] D18 B 8 3 8 8 5 5 5 5 5 5
1 |10 [12 |10 3 5
D19 12 11 13 11 6 3 4 6 ‘7 |1 1 1 1 1 1 1 1 1
| 10 D19 |2 2 2 2 2 2 2 2 3 3 2
4 114 |5 3 4 12 14 |14 (13 |14 (14 |14 (14 |14 (12 |14 14
o e (T A S R L 0 A | D20 (15 [15 |15 |15 |15 |15 |15 15 |15 |15 15
i 2 2 2 2 12 6 10 3 ‘ 6 s s s 5
D21 |8 E a 3 a 1B |7 21 jazels 10 D21 |7 7 e 7 i 7 e 7 i 7 7
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Outlook: Current and Future Research

« Expand the time horizon

« New project (04/2024-09/2026) Dispatching Areas: Combinations
and Design (DACoD)

« Which combinations of area qualifications are good?

« How to split the large area into smaller areas?

« Deduct and integrate workload thresholds into the framework

 Planning for en-route ATCOs (Area Control Centers and even Virtual
Centers)
« Continued study of ATCO workload
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https://www.itn.liu.se/~chrsc91/
christiane.schmidt@liu.se

0 [prd [pr.2 Jpr.3 [pid [pr5 [prb [pr.7 [pr8 [pr9 [prd0 pr.11 pra2[pr.13]pr14]pr.15|pr.16]pr.17] pr.i8] pr.19]pr.20]pr.21 pr.22] pr.23]

10 |10 (10 2112
190ct16] 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23| ol ‘“ ‘1? bl ‘“ ‘“ =l fe —
AP1 0O 0 O 0O 0 2 1. 0 0 2 0 0 0 0 O O 0 O 0 0 [p2 |6 |6 5655517|77‘5
6 5 6 3
AP2 2 3 10 7 SIS 5 7 6 8 2 0w 10 |10 10 10 |10 |10 [0 [10 |10
AP3 0 5 3 5 6 4 6 6 4 3 1 i e o 5 S i £
AP4 o o o o 2 3 3 3 2 1 2 3 2 2 2 4 3 3 0 2 0 0 0 o0 | A | L ‘ |
D5 15 |15 f15 |15 J14 |14 |14 (14 |14 [14 |14 i
AP5 0O 0 0 0 3 2 4 3 2 1 0 2 4 3 2 1 2 0 1 0 3 B3 B J3
3
‘4 |, 2 |a
01 2 3 456 7 8 9 T 4 18 s 5 Is s
1 |z 2 lz l: ‘z lz 2
D [10
Z 10 (10 11 (11 |10
11 |11 11 |14 114 11
l 2 [+ Ja ¢ J& J¢ ¢ J¢
s 7 7 7 i 7 7 7 7
4 12 1122 12 |12 |12 |12
13 113 [13 f13 |13 |13 [13 [13 |13 13 |13
5 8 8
8 s |8 [8 |8 fs fo |s
1 1 & 1
6 1 a2 2 |2 |2 2 |a
s ‘ s s
I l pulo Jo 9 Jo Jo fo 9 s |o 9 |o
D15 [15 55 15 [15 15 [15 [15 [15_[15
- S — - 2 [12 [z (12 [ 12 |2 12 12 |12
ITotalc,ofAT(Os|Av,co'AT(05peralrponlAv,Sendorsemen!sperATCOlAv.hmelnposmon| Av.!lmeatworkl cop I D16 |13 13 13 |13 [13 |13 3 13 |13
b1 F 3 N ] SO C YO N X T 2 |
B [ 3.4 [ 2.13 | 7.5 [ 9.38 | 08 | — 2 -
D18 8 8 8 8 i3 5 5 5 5 5
| O e e R
D19 |2 2 2 2 2 3 3 2
16 (14 (18 [14 [ [14 |14 [18 [16 |18 14
D20 |15 |15 |15 5 15 |15 15 |15 115 |
6 5 6 [6 |6
D21 |7 7 7 7 7 7 I 7 7 7 I
fod period
34 o perio X
0% 1 k-1

o Xiap =
- 100% :

(
]

Number of controllers
/
/
Number of controllers
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Assigning Airports to Remote Tower Modules—Constraints

Z period; ; i Vi€ R,Vk € P
JjEA

Z mov; j Vi e R,Vk € P
JjEA

> period; j i Vi€ AVkeP

1€ER
mMov; ;. k < period; ;- mMov Vi€ R,Vj € A,Vk € P
Z mov; j k = Amov; i Vje AVke P
1ER

Zperiodi,j,k oDj.k Vj e AVkeP
L iER
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1. Minimize the number of remote tower modules in use
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2 Balance workload between the modules | As much as possible!
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