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• In Sweden: two remotely controlled airports in operation, five more studied.
• Splits the cost of Air Traffic Services (ATS) provision and staff management 

between several airports 
• Labour accounts for up to 85% of ATS cost

➡ Significant cost savings for small airports (30-120movements a day)
• To ensure safety: No simultaneous movements at airports controlled from the same 

module
➡ In extreme case in Sweden: simultaneous movements at all five airports

➡ Each airport needs separate RTM
➡ Possibilities to perturb flight schedules? (current flight schedules consider only 

the single airport, ATCO might have to put a/c on hold anyhow…)
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• Output: Shifted flights and Airport-to-RTM assignment
• Goal:    ”small” shifts to the flight schedules → decreased number of required RTMs
• Measure for shift? 

❖ Maximum slot shift Δ (in minutes; multiple of 5, as we shift only by whole slots)
❖ Number of shifts S

• MAP =  maximum number of airports per module
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Formal problem definition:
 Flights Rescheduling and Airport-to-Module Assignment (FRAMA)
Given:
•  Flight slots in a set of airports (the matrix F)
•  Maximum allowable shift of a flight
•  Maximum total number of allowable shifts, S
•  Maximum number of airports per RTM, MAP
•  Total number of modules, M
Find: New slots for the flights and an assignment of airports to RTMs such that
•  At most S flights are moved
•  Each flight is moved by at most Δ
•  No conflicting airports are assigned to the same RTM
•  At most MAP airports are assigned per module
•  At most M modules are used

Decision problem

For optimisation problem: Move one constraint in objective function
For us: Minimize number M of used RTMs, while respecting the bounds Δ, S, MAP
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• For time slot corresponding to ec={v,w}∈ Ec\E we add two 1’s to the time slot column: to 

the airports of v and w, all other entries in that column are 0’s.
 Any solution to FRAMA with Δ=0  and MAP=3 groups the airports (vertices) into triples, such 
that there are no conflicts between any of the three airports in a triple, that is, such that there 
is an edge between any of the three vertices in the triple. 
➡ We would obtain a solution to PIT 
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Decision variables  
xam: airport a assigned to module m  
zm: module m is used  
yatf: flight f arrives/departs at/from airport a in time slot t  
wab: conflict between airport a and airport b (some t) 

A  = set of airports 
M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.



30.11.2017                  SID 2017 - Stakeholder Cooperation for Improved Predictability and Lower Cost Remote Services 12

Decision variables  
xam: airport a assigned to module m  
zm: module m is used  
yatf: flight f arrives/departs at/from airport a in time slot t  
wab: conflict between airport a and airport b (some t) 

A  = set of airports 
M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

min # shifts: patf=1  if t≠saf; patf=0  if t=saf   
min total amount of shifts: patf=|t-saf|



30.11.2017                  SID 2017 - Stakeholder Cooperation for Improved Predictability and Lower Cost Remote Services 12

min c
1

X

m2M

zm + c

2

X

a2A

X

t2T

X

f2Va

patfyatf (1)

s.t. xam 6 zm 8(a,m) 2 A⇥M (2)
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t=max(1,saf��)
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X
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X
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X
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wab: conflict between airport a and airport b (some t) 

A  = set of airports 
M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
Each airport assigned to 1 module

min # shifts: patf=1  if t≠saf; patf=0  if t=saf   
min total amount of shifts: patf=|t-saf|
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T  = set of time slots 
Va= flights at airport a 
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𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts
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patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
Each airport assigned to 1 module
At most 1 flight arrives/departs at airport 
time slot t

Each flight ±𝛿 from scheduled time

min # shifts: patf=1  if t≠saf; patf=0  if t=saf   
min total amount of shifts: patf=|t-saf|
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wab: conflict between airport a and airport b (some t) 

A  = set of airports 
M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
Each airport assigned to 1 module
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time slot t
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Two a/c at same slot at airports a and b
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A  = set of airports 
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saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
Each airport assigned to 1 module
At most 1 flight arrives/departs at airport 
time slot t
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Two a/c at same slot at airports a and b
→ two airports in conflict

min # shifts: patf=1  if t≠saf; patf=0  if t=saf   
min total amount of shifts: patf=|t-saf|
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M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
Each airport assigned to 1 module
At most 1 flight arrives/departs at airport 
time slot t

Each flight ±𝛿 from scheduled time

Two a/c at same slot at airports a and b
→ two airports in conflict
If ∃ conflict → airports not same module

min # shifts: patf=1  if t≠saf; patf=0  if t=saf   
min total amount of shifts: patf=|t-saf|
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yatf: flight f arrives/departs at/from airport a in time slot t  
wab: conflict between airport a and airport b (some t) 
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M = set of modules 
T  = set of time slots 
Va= flights at airport a 
patf = cost to move flight f at airport a to time slot t  
saf = scheduled time for flight f at airport a i 
𝛿 maximum shift distance for scheduled aircraft in 
terms of time slots:  𝛿 = Δ/ 5.

c1*#modules + c2* sum of shifts

Some airport assigned to module m
→module m used
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IP formulation of FRAMA optimises c1*M + c2*S (could move one in constraint) 
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IP formulation of FRAMA optimises c1*M + c2*S (could move one in constraint) 
We choose c1 and c2  such that minimizing the modules is the primary objective: c1>>c2 
IP computes new slots for flights and assigns airports to RTMs, such that:
•  Each flight is moved by at most Δ
•  No conflicting airports are assigned to the same RTM
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IP formulation of FRAMA optimises c1*M + c2*S (could move one in constraint) 
We choose c1 and c2  such that minimizing the modules is the primary objective: c1>>c2 
IP computes new slots for flights and assigns airports to RTMs, such that:
•  Each flight is moved by at most Δ
•  No conflicting airports are assigned to the same RTM
•  At most MAP airports are assigned per module
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IP formulation of FRAMA optimises c1*M + c2*S (could move one in constraint) 
We choose c1 and c2  such that minimizing the modules is the primary objective: c1>>c2 
IP computes new slots for flights and assigns airports to RTMs, such that:
•  Each flight is moved by at most Δ
•  No conflicting airports are assigned to the same RTM
•  At most MAP airports are assigned per module ➡ IP formulation solves FRAMA!
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Experimental Study
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Additional airports considered for remote operation in Sweden:
• 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.
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• 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 use traffic data from October 19, 2016—the day with highest traffic in 2016 
286 flight movements were scheduled on this day for the five airports
For first set of experiments: without self-conflicts → 233 movements
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Additional airports considered for remote operation in Sweden:
• 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 use traffic data from October 19, 2016—the day with highest traffic in 2016 
286 flight movements were scheduled on this day for the five airports
For first set of experiments: without self-conflicts → 233 movements
One optimization problem for each pair (Δ, MAP)
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Original Traffic

16

MAP=5

No rescheduling allowed: need 5 RTMs
Reschedule at most ±5 minutes: 2 RTMs

For 1 RTM: we need to reschedule by ±35 mins

We have 12 x 24 = 288  slots for flight movements 
 ➡ with sufficiently large shifts 233 flight movements in single module
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#shifts

max shift (in minutes)

 Shows tradeoffs: more shifts — larger shifts (more minutes) — more APs/module
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Computation times: Solve in two steps

20

We solve two optimisation with c2 = 0  and c1 = 0  respectively and fix the ∑zk to the optimal 
number of modules used when solving the second optimization problem.

MAP=4

MAP=3

MAP=5

MAP=2
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Increased Traffic Volume

21

Duplicate each of the original flight movements
Shift randomly by plus/minus one hour
Shift again, randomly, by plus/minus 15 minutes
If two flight movements end up in the same slot, one of the movements is deleted
“2x” data created from all data of the year 2016
➡ shifted duplicates of flights from October 18, 2016 and October 20, 2016 may now 

happen on October 19, 2016
➡ Not exactly twice the number of movements

• October 19: data set has 416 flight movements (after deleting double movements in 
time slots) out of 575 flight movements (all of the movements from 2016 that the 
duplication and shifting process produces)
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Increased Traffic Volume

22

For MAP=2 we get the optimum of 3RTMs for 𝛿=1 
33 shifts ⬌ 7 shifts for original traffic

 Same tradeoffs: more shifts — larger shifts (more minutes) — more APs/module
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