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Abstract:

This document is the third version of the deliverable D3.3, “New design principles to foster 
safety, agility and resilience”, which is the third and last deliverable of WP3 as described in 
the DoW. Deliverable D3.3 describes the extraction of the design principles for a future resi-
lient ATM system within Resilience2050 project.
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Resilience2050 project objectives.

The key objective of the Resilience2050.eu project 
is to analytically define the concept of “resilience” 
meaning, within the context of Air Traffic Manage-
ment (ATM). The project will also try to improve the 
resilience of the European ATM system in the future.

• The first WP provided the theoretical framework 
that led to a definition of  Resilience within the 
ATM domain. It also explored other novel ideas 
such as the human role factor in the ATM resi-
lience. Some learning about the proper termino-
logy (Resilience, Robustness, Disturbances, Per-
turbations) was taken from other socio-technical 
domains.

• WP2 tackled the data sets and data mining 
analyses that allowed for, together with WP1, an 
in depth study of which “Resilience level” is in the 
current European ATM system for a each parti-
cular disturbance, at a microscale. It also inclu-
ded research on delay propagation patterns in 
the European ATM system, with a macro-analysis 
approach.

• WP3 built a structure where the resilience con-
cept could be represented using a multilayer 
approach. Afterwards, WP3 provided a way to 
measure the resilience: a full list of Resilience 
Metrics of the current ATM system. WP3 finishes 
with the Resilience design principles presented in 
the current document.

• WP4 and WP5 will design, develop and run a si-
mulation environment. Using the operational 
insights from the resilience design principles 
extracted in WP3, the guidelines of a future re-
silient ATM operational concept will be propo-
sed. It will include the most effective resilience 
mechanism. A balance between resilience, effi-
ciency and safety will be proposed. In order to 
validate the result and compare it with current 
situation, a future traffic scenario will be run, in-
cluding among other inputs: future traffic levels 
expected and/or stress testing techniques.

Resilience2050.eu is a collaborative project funded 
through the FP7 AAT Call 5, topic AAT.2012.6.2-4: 
The project identifies new design principles foste-
ring safety, agility and resilience for ATM.

The project aims to:

• Develop adequate mathematical modelling and 
analysis approaches to support systematic analy-
sis of resilience in ATM scenarios, taking into 
account the different ATM disturbances that can 
take place in the European airspace.

• Develop metrics to systematically define resilien-
ce, addressing the concepts  of “Responding”, 
“Monitoring”, “Learning” and “Anticipating”. This 
work will result in a Resilience Analysis Fra-
mework (RAF 2050), to enable the definition of 
new ATM design principles fostering safety, agility 
and especially resilience.

• Provide an extensive overview of human contribu-
tions to resilience in current ATM.

The project is carried out by an international consor-
tium composed of: The Innaxis Research Institute, 
(Project Coordinator, Spain), Deutsches Zentrum für 
Luft- und Raumfahrt e.V (DLR, Germany),  Universi-
dad Politécnica de Madrid (UPM, Spain), Nationaal 
Lucht- en Ruimtevaartlaboratorium (NLR, Nether-
lands), Istanbul Teknik Üniversitesi (ITU, Turkey), 
Devlet Hava Meydanlari Isletmesi Genel Müdürlü-
gü (DHMI, Turkey) and King’s College London (KCL, 
UK).

The project was launched on the 1st of June, 2012 
and will last 43 months. (Originally 36 months with 
an agreed upon extension of 7 months)

Introduction
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Document structure

D3.3 Relationship with future tasks in Resilience2050

This deliverable will be an input for the following 
research activities and deliverables:

• WP4 - The development of a model of a future re-
silient ATM system.

• WP5 - Simulation run and results of how the futu-
re ATM system will perform.

More details of the relationships between all the 
remaining tasks of the Resilience2050 project can 
be seen in the following picture. 

The document structure presents, through a top-
down approach, the report of the work performed 
under task D3.3, regarding the resilience design 
principles. Concretely:

• Section 1 - A comprehensive results summary for 
WP1, WP2 and WP3 that collects all the inputs of 
the project: the definition of resilience, the analy-
sis of the current system and the extraction of the 
new design principles

• Section 2 - Description of the methodology used 
to assess the constraining elements of the cu-
rrent ATM system in terms of resilience and effi-
ciency. 

• Section 3 - Results of the observations of resi-
lience and efficiency on the current ATM system.

• Section 4 - A set of new design principles,extrac-
ted from the current observations, to be applied 
to a future operational paradigm.
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A multilayer representation is then presented whe-
rein the effects of disturbances on delays in select 
European airports are structured (D3.1, [6]). This 
was developed using the relation found between de-
lays and disturbances of D2.2. Then, a resilience me-
tric is computed on the basis of this layered repre-
sentation. This resilience metric is based on delay 
rates, which are the slopes of linear regressions of 
arrival and departure delays between airport pairs. 
The resilience metric represents the relative diffe-
rence between the delay rates for an undisturbed 
reference status with a particular disturbance layer. 
This resilience metric is graphically depicted for se-
lected European airports along with the various dis-
turbance layers (D3.2, [7]). Guidelines are provided 
in D2.3 [8] for the development and deployment of 
a resilience monitoring system based on the above 
multilayer representation and resilience metric.

Based on these results, the current report presents 
metrics and design principles for resilience in ATM 
that have been also validated by the operational 
partner (DHMI). We will use insights obtained in the 
resilience of current ATM for the subsequent deve-
lopment and evaluation of models that characterize 
the resilience of future ATM operations in the fo-
llowing deliverables: WP4 (D4.2 and D4.3) and WP5.

In D1.1 [1] an extensive review of resilience research 
is provided for various types of systems. Ecologi-
cal, socio-ecological and socio-economic systems 
are used as a comparison for the way resilience is 
considered in the air traffic management (ATM) so-
cio-technical system.

An analysis of the human role in the resilience of cu-
rrent ATM operations is provided in D1.2 [2]. Through 
the analysis we have identified ways for pilots and 
controllers to recognize and deal with disturbances 
based on a broad set of 459 disturbances. Following, 
we examine the effects of these strategies on the ATM 
key performance areas (KPAs) of safety, capacity, en-
vironment and cost-efficiency. In the end, the results 
reveal there are positive effects on the safety KPA; 
however sometimes at the expense of other KPAs.

In D1.3 [3], the resilience of a system is defined 
using a state-based approach, looking at the type of 
disturbance with respect to the reference state. For 
this state-based framework, D1.3 proposes a mo-
delling approach that involves relevant stakeholders 
of the ATM sociotechnical system and the effects on 
aircraft manoeuvres.       

In W2, a data mining study is completed which 
analyses the effects of various disturbances on de-
lays. The data sources used in this analysis include 
PRISME data (most prominently ALL-FT+ flight tra-
jectories data), METAR weather data, Ataturk wea-
ther data, ACC Headlines considering special events 
(e.g. technical problems, strikes, airspace/airport 
closures), and DDR data regarding the status and 
structure of the European airspace (D2.1, [4]).

In D2.2 [5] a data analysis is conducted looking at the 
delay implications at select European airports caused 
by the following disturbances: a) tornado, b) thun-
derstorm, c) snow, d) fog, e) hail, f) rain, g) runway 
configuration change, h) staffing problems (e.g. stri-
kes, major illness), and i) low visibility. Disturbances 
A-F reflect adverse weather conditions, disturbance 
H reflects organizational and societal phenomena, 
disturbance G represents an ATM strategy, and dis-
turbance I reflects the consequence of adverse wea-
ther (predominantly fog) . The data analysis in D2.2 
reveal significant relation between adverse weather 
conditions and delays. There were not any significant 
results for runway configuration change and sta-
ffing disturbances. In particular, an analysis of ME-
TAR data for selected airports in 2011 indicate that 
the most prominent adverse weather conditions are, 
in order of frequency: rain, fog, rain-thunderstorm, 
snow, thunderstorm, rain-snow. Thunderstorms lead 
to the largest increments in average delays.

1 Comprehensive results of WP1, WP2, WP3
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better view on how the proposed Resilience2050 pa-
radigm would work in a future scenario.

As discussed in deliverable D3.3, the resilience pro-
perty of the future ATM system has to be unders-
tood in the context of the efficient use of resources. 
Resilience is described as the impact that different 
disruptions provoke in the system. Therefore, in-
creasing the  system resources available to cope 
with disruptions would naturally lead to a more 
resilient system and less efficient use of resour-
ces. Furthermore, a system that uses significantly 
more resources than needed in nominal conditions 
would naturally be less efficient in the use of those 
resources, even though the system is less prone to 
disturbances. Most likely, such configurations would 
be difficult to sustain due to lack of economic return 
on the investments and other financial pressures. It 
is important to set the resilience targets in the fra-
mework of how efficiently resources were used to 
manage certain air traffic levels.

2.2 Methodology on the assessment 
of resilience
This Section describes the methodology used to as-
sess the main elements limiting the resilience of the 
European ATM. The first steps of the methodology 
are based on previous data mining exercises and 
on the resilience metric definition. Those activities 
were documented in deliverables D2.2 and D3.2. For 
the sake of completion, a summary of steps 1-7 is 
included below. For further details on these steps, 
please consult previous project deliverables.

Step 0. Data used:

This data includes flights from March 1, 2011 to 
December 1, 2011; covering flights departing from 
or arriving to the top 16 European airports in ter-
ms of traffic. Russian and Turkish airports were not 
analysed due to issues in the flight dataset provided 
by Eurocontrol, such as data inconsistency or lack 
of data in one or more disturbance(s). For our re-
search, the ALL FT+ data set was used from Euro-
control PRISME. For the disturbances Eurocontrol 
acc_headlines, publicly available data (METARs) and 
operation data from DHMI partner were used. 

The methodology described could be applied to any 
airport that provides flight data with scheduled, fli-
ght and disturbances timestamps. 

2.1 Introduction. The rationale 
behind a balanced concept
The European ATM Performance is measured throu-
gh a number of key performance indicators, compi-
led into a performance framework. This framework 
is compiled by the PRU and widely accepted by the 
stakeholders. It measures traffic and safety levels, 
capacity, environmental efficiency and cost-effi-
ciency (measure through ANS enroute unit costs). It 
makes sense to consider the different indicators as 
a coherent framework because the European ATM 
could not be successful, for instance, if cost-effi-
ciency was high but safety levels were low.

The Resilience2050 project aims to introduce a new 
dimension to the measurement of performance of 
the ATM. It will introduce a KPI that is capable of 
measuring the ability of the ATM system to react to 
disturbances. This proposed metric (in fact, a set of 
metrics or “metric map”),  measures the resilience 
of the system as a relative value of how the system 
behaved by introducing or reducing stress (mea-
sured in terms of delay) when a particular distur-
bance appears.

The metric proposed is a relative measure to a re-
ference state (e.g. without detected disturbances). 
It makes no implicit assumptions on how a route or 
an airport turnaround process is performing in that 
reference state. For instance, the particular turn-
around process of a particular airport could be in-
efficient even without detected disturbances. Howe-
ver, this airport could be particularly resilient to the 
disturbances recorded historically. This means that 
the airport could be introducing delays to the sys-
tem, acting as a delay generator to the European 
ATM network and, at the same time, being resilient 
against certain disturbances. 

In order to provide a context to the resilience metric, 
it is appropriate to add a new dimension to the map 
that takes into account the efficiency of resource 
use.  In order to do this, the project team developed 
a model of the propagation of the secondary delays 
in Europe. Secondary delays, also called reactionary 
delays, were explained in D3.3 and cover how pri-
mary delays further propagate in the system. This 
model, as reported in deliverable D2.1, is developed, 
validated and verified. It allows us to characterise 
the expected delay levels for different traffic con-
figurations. By combining the propagation of delay 
metrics with the resilience metrics, it provides a 

2 Methodology for the identification of 
resilience and efficiency constraints
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Step 5. Computation of resilience metrics: 

In order to reach meaningful mathematical results, 
some state-of-art tools regarding data regression, 
artifact removing, statistical representation, errors 
and confidence, etc, were included during this resi-
lience metric computation process. Each have been 
documented in deliverable D3.2.

To measure the resilience of the ATM system, the 
analyses targeted the difference in behaviour for fli-
ghts in the reference state and disturbed state. For 
each graph below, every dot represents one flight, 
with the X and Y values plotting delay values. The X 
axis represents the first delay figure, which is the 
departure delay for en-route resilience and the arri-
val delay for turn-around resilience. The Y axis me-
asures the delay after its propagation, which is the 
arrival delay for en-route resilience and departure 
delay for turn-around resilience.

In the following graphic, each disturbance is plotted 
by colour. For instance, red points represent flights 
that were affected by rain in this particular route.

For each disturbance, regression is calculated for 
both reference flights and disturbed flights. For 
instance, in the purple points below, those that are 
not bordered are reference flights, while bordered 
points below represent disrupted flights. If linear 
regression is used, the difference between each type 
of flight’s slope represents the system resilience be-
haviour, or “R”. In other words, this slope difference 
indicates how the system usually reacts after a given 
disturbance compared with the non-disturbed state.

• If the slope difference is positive (deltaSlope>0), it 
shows the initial delay was increased and propa-
gated into the next flight phase in a bigger amount 
than compared with an undisturbed day. Hence, a 
large slope difference represents a system that 

Step 1. Definition and identification of analysed 
disturbances: 

The analysed ATM disturbances continue to be the 
same along the project, with adverse weather issues 
being rain, snow, hail, tornado, thunderstorm and 
fog (or a combination of them); operational issues 
as runway configuration change, runway visibility; 
and declared ATC staffing disturbances such as low 
personnel leading to capacity issues, strikes, etc. 
The starting and ending timestamps and locations 
of each disturbance during the timeframe were cal-
culated and/or indexed.

Step 2. Computation of primary delays: 

Delay has been measured as the difference between 
the planned timestamp (FTFM field, which reflects 
the original flight plan) and the actual timestamp 
(CPF, radar track).

Step 3. Computation of turn-around and en-route 
resilience: 

The resilience metrics provide insight into two in-
dependent resilience research fields, which corres-
pond to different aircraft-flight phases:

• En-route delay is defined as the difference be-
tween the delay calculated at takeoff (departure 
airport) and delay experienced at landing (arrival 
airport). Hence, analyses and metrics are done by 
route (pair of airports).

• Turn around delay is defined as the difference be-
tween the delay at landing and the delay at takeoff 
in a particular airport. The results are computed 
per airport.

Step 4. Computation of the reference state and 
impacted flights: 

For both en-route and turn-around resilience the 
data enabled the classification of flights into three 
different subsets:

• If no disturbance (as identified in step 1) affected 
the system, then flights were labelled; “reference 
state flights”. Their corresponding delays repre-
sent the nominal condition of the system. In other 
words this is considered white noise delay, as the 
system is not presumed to be disturbed.

• If an isolated disturbance occurs, the flights in 
the time frame along with their delay are named 
and linked to that disturbance.

• The scenarios of multiple disturbances take pla-
ce at the same time, for the same flight, have 
not been analysed. The reason is the extremely 
low significance of the results caused by the low 
number of cases.
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Individual Links:

Distribution analysis: create a histogram based on R 
values of links [9]

• Indicate the median point of distribution: this 
is the behaviour most likely to occur; a positive 
or negative value gives a unique number for the 
whole network [10].  

• Quantify a “normal” (interquartile) range that 
captures the data within the 25% and 75% per-
centiles [11].  

• Conduct an extreme values analysis, where values 
below the 5% percentile and over 95% percentile are 
considered critical routes and need further research. 

Analyse for heavy-tailed distribution, to see if there 
are many critical routes  

Degree analysis: identify the number of incoming/
outgoing links weighed by the R metric [12], then 
compute extreme values of the grade distribution, 
which will provide a look into the critical nodes.

Analysis by clustering techniques on graphs [13]. 

Compute betweenness centrality, may provide insight as 
to which links can improve the overall network values. 

Path:

Determining worst city-pairs, A->B->A in which 
R(A,B)+R(B,A) is in the top 5% of the R values.

Identifying critical paths and recovery paths, se-
quence of airports A->B->C->D->... for which  
R(A,B)+R(B,C)+R(C,D) + ... is in top 5%.

Disturbance:

By focusing on multiple disturbances (not occurring 
simultaneously, only subsequent disturbances at 
each leg)

• Less resilient scenario, combination of disrup-
tions and locations leading to the worst metrics, 
for the ‘worst case scenario.’

• Less resilient disturbance(s) for each node

The results from these aforementioned steps are 
presented in the following section.

is not resilient to that type of disturbance. As for 
the R, we have labelled these as negative R values 
(despite having positive deltaSlope), for easier 
graphic comprehension. 

• If the slopes are similar (deltaSlope=0), the dis-
turbance is creating no more stress than the ave-
rage system behaviour. The delay distribution is 
similar for both the reference state and disturbed 
state. This is the case of a robust system.

• If the slope difference is negative (deltaSlope<0), 
then the delay was able to be absorbed. This 
means the system is resilient against that distur-
bance. In some cases, this means that the system 
was performing unusually better than how it nor-
mally performs in a reference state; probably due 
to additional available resources. The R is positive 
for these resilient cases. 

Step 6. Presentation of the R metrics and other results

The outcome of this step consists of indicating all of 
the R metric figures:

• R figure for turn-around resilience metric (1 “R” 
per airport) along with one R figure per route 
(connection between any two airports selected)

• R metric per disturbance

The final results can be shown in either a graph or 
a matrix, however quantitative analyses can be ea-
sily identified in matrices given the volume of data. 
Further information can be found in deliverable 3.2.

Step 7 Definition and identification of the critical 
elements from the resilience perspective

Once the R metrics are calculated, different approa-
ches can be used in order to identify critical elements.

These metrics can depend on individual links, paths, 
or by disturbance. As explained below.



10Resilience2050 D3.3

Only regions with the strongest connections have 
been selected for the construction of the flow dis-
tribution graphs. Regions with less than 0.7% con-
nections are not considered as significant in or-
der to simplify the graphs. Examination of Figure 
1 reveals that the air traffic flux varies across the 
seasons. When only flights within Europe are con-
sidered, we see that the proportion of flights within 
Europe compared with the overall number of flights 
do not significantly vary across seasons. 79% of all 
flight traffic is between European airports in June 
2014 and similarly, 78% of all traffic is between Eu-
ropean airports later on in November 2014. These 
results show that the majority of traffic in Europe 
occurs between European airports. Hence the effi-
ciency assessment methodology will focus only on 
flights within Europe. In addition, the efficiency as-
sessment methodology will be focused on the Euro-
pean airports since the available data on flight plans 
(ALLFT+) consist mainly of European flight data. 
Non-European airports will be simulated as a single 
aggregated airport. Using this approach, we are able 
to represent 78% of the actual flow coverage. 

Next, we observe that investigating the connections 
in the airport-to-airport level leads to a more accu-
rate presentation of flow connectivity. In Figure 2, 
connectivity graphs of the busiest airports (in terms 
of incoming and outgoing traffic flow) are presented. 
The colors within the figure represent the following: 
orange airports are examined airports, red airports 
are the busiest across all Europe, blue airports are 
European airports not ranked among the top 10 bu-
siest in Europe, and green airports are airports lo-
cated outside of Europe.

2.3 Methodology on the assessment 
of efficiency
The airport runway capacity at landing and takeoff 
plays a key role in the capacity restrictions within 
ATM systems [1], which in turn effects the entire 
system resilience and efficiency properties. The mo-
del developed in this section shows an airport-cen-
tric delay propagation network. An airport based 
queuing network model is presented and delay pro-
pagation under disturbances (via capacity reducing 
events), such as ATC strikes or extreme weather 
conditions, is simulated. The main objective of the 
simulations is to discover the connection between 
resilience, delay propagation and airport capacities.

For this, first the flight data across Europe is 
analyzed to develop a realistic network model. Next, 
the airport based network model is constructed and 
simulation results are examined.

Air Traffic Flow Distribution for Europe:

Figure 1 presents the air traffic flow over Europe as 
weighted direct graphs. Vertices represent specific 
regions, and weights on the edges represent the 
percentage of air traffic flowing from one region to 
another. Regions are denoted by their ICAO region 
codes with respect to the traffic volume in June and 
November 2014.

These graphs are generated by using the flight data 
in ALLFT+ dataset. In June 2014, Europe experien-
ced an average of 29,741 flights per day. In Novem-
ber 2014, this number decreased to an average of 
23,352 daily flights.

Figure 1.  Flow Distribution: (a) June 2014. (b) November 2014.

L Southern Europe, Israel and 
Turkey

E Northern Europe

U Russia

K Contiguous United States

O Pakistan, Afghanistan and most 
of Western Asia (excluding yprus, 
Israel, Turkey, and the South 
Caucasus)

G Western parts of West Africa and 
Maghreb
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rope per day was 29,741 on average. Note that each 
flight corresponds to 2 movements; a movement 
for departure in an airport and another movement 
for arrival in a different airport. This equates to an 
average of 59,482 movements per day. On average, 
20,426 of all the movements were operations in the 
aggregated airport while the other daily movements 
occurred in other major airports. In November 2014, 
the average number of total daily flights in Europe 
was 23,352. This means that on average, there are 
46,704 movements per day. On average, 15,181 of 
all movements were operations in XXXX while the 
remaining number of daily movements occurred in 
major airports. 

EDDF   LFPG    EGLL    EHAM   LTBA   EDDM   LEMD   LIRF    LEBL     
EGKK   EKCH   LSZH    LOWW  ENGM   LTAI     LEPA    EBBR   LFPO     
ESSA    EDDL   EGCC   EDDT    EIDW     LTFJ     LSGG    LIMC    LGAV 
EFHK   EGSS    LFMN   LPPT    EDDH   EPWA  LKPR   EDDK   EDDS 
LEMG   EGGW  EGPH   LIML     LFLL    LLBG    EGBB   LFML    LROP  
ENBR   LFBO   LIPZ     LEIB      LHBP   LTAC     EGPF    LFSB    LEAL    
LTBJ     LGIR     EGLC   EGPD    LIME    EGNX   ENZV     LICC     EDDB 
LIPE     EVRA    LYBE    LIRN     EDDV   LFBD    LPPR    ELLX     EGGD    
ESGG   EDDP   LGTS    LFRS    ENVA    LPFR    LCLK    EGNT   LIRA 
EDDN   LEVC    LIRP     EBCI    ESSB    LICJ      EKBI      LMML   LBSF     
EPKK   EGHI     LEBB   ENTC   LIMF    EGAA    EGNM    ENBO   EPGD     
EGAC    LDZA   LEZL

Table 1. Major Airports in Network

This figure shows that having a connection with a 
red airport will cause more delays due to high tra-
ffic volume, compared to a connection with a blue 
airport which causes less delays. However, having 
a connection with a green airport does not provide 
an accurate picture due to lack of data outside the 
European region. We can see that Charles de Gaulle, 
Heathrow, and Frankfurt have different connectivity 
characteristics, therefore one can infer different de-
lay trends depending on airport as well as season.

Major airports are defined as “airports having one 
or more movements per 15 minutes on average”. 
The ratio of European major airports is only 8-9% 
among all airports in Europe. It is important to note 
however that a massive rate of air traffic flow is ge-
nerated by these major airports. Hence, it is reaso-
nable to simplify the model by reducing the effective 
number of airports. In the model, minor airports in 
Europe along with non-European airports are repre-
sented as a single aggregate airport. The capacity of 
this aggregated airport is classified as infinite in the 
model. With this simplification, the total number of 
airports are reduced to 102 and are presented in Ta-
ble 1. In other words, the model consists of 102 of the 
major European airports and one aggregated air-
port. In June 2014, the total number of flights in Eu-

a. June 2014

b. November 2014

Figure 2. Connectivity Graphs of the Major Airports: (upper) June 2014. (lower) November 2014.
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lay generation process. In particular, we are inte-
rested in seeing if the total delay generated by the 
airport varies as a function of the airport’s capacity. 
To elaborate, we define “the breaking point” of an 
airport as the critical airport capacity value in which 
there is a sudden and sharp increase in total delay. 
If the airport capacity is higher than its breaking 
point, then the airport’s local delays usually do not 
significantly affect the network. On the other hand, 
if the airport’s capacity is lower or equal to the va-
lue of the breaking point, then the airport makes 
significant impact to the total delay of the network. 
The aim of this analysis is to use the Airport Based 
Queuing Network Model to determine the breaking 
points of major European airports and examine their 
delay generation characteristics around these cri-
tical capacity values. Further examination into the-
se properties provide an understanding of the ele-
ments that constrain resilience of the ATM system. 

In addition, two dual metrics are defined to assess 
the efficiency of the system. Efficiency of an airport 
is defined as the breaking point divided by the actual 
capacity, hence airports that are operating close to 
their breaking points are deemed more efficient, 
since it shows that the airport is not using a lot of 
resources for nominal conditions. We also investi-
gate the complementary of the efficiency (1.0 - brea-
king point divided by the actual capacity) and name 
this metric as the extra capacity ratio. This metric 
indicates the amount of reduced capacity the airport 
can tolerate before reaching its breaking point. For a 
formal description of the breaking point, please re-
fer to the equations below.

Let Wa,c(t) denote the local delays at airport a when 
the capacity of the airport is set to c. Wa,c(t) is com-
puted as:

  
where LQDC is the local queue delay generator des-
cribed in the previous subsection, µa(h) is the total 
demand at the airport a during the time window h 
and Hall is the set of all time windows. Next we define 
the following sets:

where Fa,dep is the set of all scheduled departure fli-
ghts and SD(f)  is the scheduled departure time for 
the flight f. The second equation is defined similarly 
for arrival flights. Hence these sets simply include 
all arrival and departure flights with more than 15 
minutes of delay. In the equations above, Fa,dep and 
Fa,arr indicate the sets of all departure arrival flights 

Airport Based Queuing Network Model:

The airport based queuing network model consists 
of two components. This includes the local queuing 
delay calculator (LQDC) and the global delay propa-
gation algorithm (GPDA). The algorithm works recur-
sively and the process is presented in Figure 3. The 
algorithm is based on the work referenced in [2][3].

Run LODC for each airport: 
Calculate the delay on 
landing and take-off for 
every time window

Run GDPA: 
Determine tc 
Process flights operating 
before tc

Assign delays and revise 
dep. and arr. after tc

Update airport demand 
profiles

Local delays
for each airport

Updated airport
demand profiles

Start at

T=0

Flight information of 
all scheduled flights 
capacity profiles for 
each airport

Figure 3. Airport Based Queuing Network Model

In the model, LQDC generates local delays according 
to the First Come First Served (FCFS) discipline. 
During the delay generation process, runway con-
figuration is modeled as a single server that serves 
both arrival and departure flights, in that one server 
is assigned per airport. Although this assumption 
might not be valid for certain airports, existing re-
sults [14] show that this is a reasonable engineering 
approach that can lead to considerable simplifica-
tions in computations.

Each airport is modeled as M(t)/Ek(t)/1 queue, 
which indicates aircraft arrival times are distribu-
ted according to a Poisson distribution, while airport 
service times are distributed according to a Erlang 
distribution. Parameters of these distributions are 
inferred from the flight plan data (ALLFT+) as well 
as the capacity declaration data (DDR). LQDC sepa-
rately calculates local delays for each airport, and 
then calculate the global effects of local delays with 
the GDPA. GDPA has four functions. First, it deter-
mines if significant delays occur. Second, it propa-
gates delays between consecutive flights performed 
by the same aircraft. Third, it adjusts the arrival and 
departure times of any delayed flights. Lastly, it up-
dates the airport demand rates. 

Analysis of Breaking Points of Airports:

As explained in this Section’s introduction, the main 
objective of this analysis is to understand the link 
between capacity reduction in airports with the de-
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in airport a, respectively. Fa,dep+15 and Fa,arr+15 denote 
the sets of all departure and arrival flights that have 
delays more than 15 minutes in airport , respecti-
vely. Next we compute the percent of flights with 
more than 15 minute delay (D15a,c) for airport a ope-
rating at the capacity c as:

 
where the function S simple counts the number of 
elements in the set. 

The simulation results reveal that in an airport with 
capacity c, when 20% or more of flights experience 
a delay greater than 15 minutes, the airport starts 
to generate significant delays in the network. The 
maximum value in the set of capacities that genera-
te significant delays for the airport  is denoted by BPa 
(breaking point of airport ). Formally, the breaking 
point BPa for airport a is defined as:
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Dep Arr Disturbance No. R-value

EDDM LPPT Configuration Change 4 -1.058

EBBR LEMG Configuration Change 5 -1.569

LPPT EBBR Staffing 5 -1.158

EGCC EBBR Visibility 3 -2.136

EBBR ENGM Visibility 9 -1.105

EDDT LGAV Weather Fog 5 -1.130

LPPT LEMG Weather Fog 3 -1.984

LEMD EDDF Weather Fog 6 -1.391

EGCC EGLL Weather 4 -1.746

ENGM ENGM Weather 5 -1.092

LGAV EBBR Weather 3 -1.617

LFPG EDDF Weather 5 -1.203

LFPG EDDM Weather 4 -1.500

EDDM EGLL Weather Snow 3 -1.142

EDDT EBBR Weather Thunderstorm 3 -1.189

EDDL EDDF Weather Thunderstorm 4 -2.091

LEPA EDDF Weather Thunderstorm 3 -4.599

LEMD LEMD Weather Thunderstorm 7 -2.118

EGLL EDDT Configuration Change 4 1.727

LEPA LFPG Configuration Change 4 1.680

LPPT EDDF Visibility 6 1.331

LEMD LEMD Visibility 47* 1.155

EGCC EGCC Weather 8 1.274

EDDF EBBR Weather 4 2.135

LGAV LEBL Weather 3 4.683

LGAV LFPG Weather 3 1.248

LEBL EBBR Weather 3 1.539

LFPG EDDT Weather 3 1.105

LFPG EDDL Weather 3 1.030

LFPG LEMG Weather 3 3.473

EGLL LPPT Weather Rain 184** 1.103

EDDL LEMD Weather Thunderstorm 4 1.295

EDDF EBBR Weather Thunderstorm 4 2.108

EDDM EGLL Weather Thunderstorm 3 3.741

*Data is not linearly distributed

**Radar point too far away

3.1 Introduction

The methodology described in D33.2 enabled a 
complete set of quantitative and qualitative results, 
which were achieved through demanding compu-
ting tasks. These results, both from Resilience and 
Efficiency research threads, are presented in the 
current chapter (Section 3). From these results ob-
servations can be extracted, providing the basis for 
design principles (Section 4).

3.2 Assessment of the resilience

32.1 Overall analysis of the observations

This section presents the observations of the resi-
lience “R” value done on the dataset. Although more 
detailed analyses of disturbance and elements will 
be shown in the following sections, this chapter al-
ready extracts high-level conclusions on the aggre-
gated resilience status across Europe. The R values 
computed measure how a particular element of the 
ATM system (city-pair or airport) has performed un-
der the presence of a particular disturbance compa-
red to its particular reference state.

During this study we have calculated 1046 R values. 
A very low number of ATM elements  (either ci-
ty-pairs or airports) have fallen outside the R range 
R<-1 or R>1. Namely, we have only found 33 cases 
with R<-1 and 30 cases with R>1. The distribution of 
accepted R values is then only composed of the re-
maining 983 ATM cases, and the 63 other cases have 
been discarded in the context of design principles.

Outliers in the R distribution may represent extre-
me disturbances or errors in the data. Those cases 
require individual analysis and may represent situa-
tions that cannot be generalised as design princi-
ples for future ATM. Nevertheless, important opera-
tional lessons may be extracted from those concrete 
cases that fall outside the range of the project. In 
any case, the methodology proposed provides full 
automation of the classification of ATM system re-
silience analysis, clustering the ATM system accor-
ding to the R-values.

The following table lists the outliers outside the ac-
cepted R range (-1,1)

3 Results on the observations of the resilience 
and efficiency of the current ATM system 
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The second plot represents the frequency of the de-
lays in the disturbed state and in the reference sta-
te. The delay distribution in the reference state (blue 
line) is displaced to the left of the disturbed state 
distribution (red line). When affected by disturban-
ces, the system experiences more delay than on the 
reference state, as expected. 

The third plot is the difference in probabilities of 
delay between the disturbed state and the referen-
ce state. This plot shows that delays greater than 
7’  are more frequent in the disturbed state than in 
the reference state.  The largest negative differen-
ce takes place during a 15 minute delay; the largest 
positive difference takes place when running 5 mi-
nutes ahead of schedule.

This means that the largest difference between dis-
tributions are:

• 5 minutes ahead of schedule: most probable delay 
in the reference state than in the disturbed state

• 15 minute delay:most probable delay in the dis-
turbed state than in the reference state

The R values averaged across all disturbances have 
been calculated per airport in order to highlight the 
individual resilience property of the airports. (See 
graph below) These are aggregated and averaged 
figures for any disturbance at that airport and provi-
des a high level point of view of the R performance: 
the reaction to disturbances of any nature. Most of 
the airports have a R value close to 0. Some of them 
are worth highlighting:

• LGAV (Athens) shows a significant positive R=0,07; 
EGLL (Heathrow) shows R=0,06 and LEMD (Ma-
drid) shows R= 0,02

• The worst R average figures are for LFPG-Paris-
Charles de Gaulle showing R= -0.06, ENGM-Oslo 
R= -0,08 and Malaga-LEMG R= -0,09

Study of the R distribution across Europe

The distribution of R values across all disturbances 
across all airports and city pairs is presented in the 
following figures: 

The R distribution (figure 4) is fairly symmetrical and 
approximately centred in 0: there is a similar total 
number of positive and negative R values. Its shape 
is close to a normal distribution with a minor devia-
tion to the right. This indicates that there are slightly 
more positive R values than negative R ones. The 
ATM system reacts on average with a positive R, de-
monstrating that it is usually able to react positively 
against the disturbances when compared to their 
reference state behaviour. In terms of operations, 
this means that the European ATM system usually 
allocates extra resources or runs efficient procedu-
res to be able to absorb the extra delay generated.

Figure 4. R values distribution for all disturbances.

Figure 5. Departure delay distribution. All airports

Amplified difference

Any disturbance
Reference

Figure 6.  R values averaged degree distribution. All disturbances
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1 Worst Resilience Heatmap 

This plot shows the worst resilience within a Euro-
pean heatmap indicating city pairs and airport turn-
around processes. This heatmap follows the same 
color-coding as previous graphs (red=negative R 
values, yellow hues= R values are close to 0, green= 
positive R values, white=not significant data). The 
map represents the resilience value for the link if 
the worst disturbances were present. R values that 
are close to 300 are shown by only 4 greenish-hues 
slots (i.e. positive values, good resilience behaviour). 
In other words, those links react positively against 
any disturbance. 

2 Critical propagation tree(s) and propagation ranks

A critical propagation tree is the set of airports affec-
ted in a row by the same disturbance that shows the 
worst resilience behaviour, taking into account the 
order of occurrence.

A critical propagation tree contains minimum R-va-
lues, or the worst case scenario. A graph’s subtree 
(acyclic graph) shares edges with the original gra-
ph. The critical propagation tree is equivalent to the 
mathematical notion of the Minimum Spanning tree 
and represents the worst possible knock-on effect of 
a disruption. If a disruption propagates through the 
network, as shown in the following the critical tree, 
then the overall performance will degenerate greatly.

Several tree-related metrics can be computed with 
the critical propagation tree. The tree depth (i.e. 
maximum chain length) determines how many le-
vels/branches the tree has. Smaller depth imply 
faster propagation, however generally of lesser im-
pact. A more extended tree has a slow propagation 
but experiences a larger effect when combined.

The R values can also be visualized in heat maps. 
Departure airports are in the X axis, arrivals are in 
the Y axis.  All route combinations are then plotted 
and include turn-around behaviour. The R value is 
in the main diagonal. The cell colours represent 
R figures (red= R negative, yellow=close to zero, 
green=positive R values, white=not significant num-
ber of flights to calculate).

The following is again an averaged heat-map that 
takes  all disturbances into account. Hence, it repre-
sents the average response to disturbances of any 
nature. Individual heat-maps are presented in the 
next sections.

32.2 Combined disturbance analysis

Air Transport performance reports usually indica-
te one metric to represent, on a macro level, how a 
complete network performs. These simple metrics 
are useful to quickly compare different figures from 
various time periods in order to extract general con-
clusions regarding the evolution of the performance. 
For instance, delay reports in Europe use the “avera-
ge delay per flight” as an indicator to show how de-
lays evolve. As understood a doubled figure signifies 
flight delays are worsening. This elementary picture 
usually lacks profound analysis furthermore may 
lead to incorrect analysis. Balancing the complexity 
of the metric (i.e. favouring simple metrics so it may 
be easier to understand along with comprehensive 
visual aids) with the mathematical rigour (increased 
complex metrics are more precise) is the key element 
to defining a successful and useful framework. 

This Section presents two potential metrics that 
provide an overall view on the network while also 
maintaining a certain level of complexity and ex-
pressiveness, with the aid of visual tools:

Figure 7.  Averaged R values over all disturbances heat map Figure 7.  R values heat map for any disturbance
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A full set of results for the significant disturbances 
can be seen on the page 19 (zoom in to see the re-
sults in higher resolution).

With this critical propagation tree, the data has ena-
bled us to calculate the propagation rank for diffe-
rent disturbances, as indicated below.

Configuration change

Airport Flights affected
(departures only)

Average R Propagation 
Rank

EBBR 286 -0.04 -5.07

EDDF 124 -0.13 -5.55

EDDL 203 -0.12 -5.01

EDDM 234 0.01 -5.61

EDDT 244 -0.00 -5.86

EGCC 57 0.01 -5.49

EGLL 175 0.03 -5.21

ENGM 116 0.01 -5.74

LEBL 1697 -0.05 -5.13

LEMD 1105 0.04 -4.88

LEMG 385 -0.03 -5.93

LEPA 755 0.01 -5.82

LFPG 295 -0.00 -5.36

LFPO 167 -0.09 -5.08

LGAV 105 0.03 -5.38

LPPT 230 0.04 -4.81

Staffing

Airport Flights affected
(departures only)

Average R Propagation 
Rank

ENGM 72 -0.22 -4.44

EDDT 116 -0.07 -4.18

EDDL 230 0.16 -4.80

EDDM 152 -0.00 -4.02

LGAV 153 0.07 -4.45

LFPO 241 0.06 -4.72

LPPT 81 -0.11 -4.80

LFPG 315 -0.10 -4.38 

Here are some examples on the worst situations for 
LEPA (in case of runway configuration change) and 
for EDDF in case of a Fog disturbance.

The disturbances have different depths (see full re-
sults below), and show different perturbations de-
pending on the airports involved in the critical pro-
pagation tree. In terms of critical propagation, the 
“worst-critical paths”, or disturbances affecting the 
most airports are the following:

Figure 8.  Critical propagation trees
a) Configuration Change starting in LEPA, tree extension is 8
b) Weather Fog starting in EDDF, tree extension is 5.

Figure 9. Critical propagation rank
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Weather Rain

Airport Flights affected
(departures only)

Average R Propagation 
Rank

EGCC 1423 0.02 -3.65

EGLL 3117 -0.04 -4.11

ENGM 925 -0.05 -4.44

EDDT 3156 -0.04 -4.08

EDDL 2710 0.00 -3.63

EDDF 2731 -0.01 -4.70

EDDM 3124 -0.00 -3.64

LEMG 520 -0.12 -4.28

LEPA 942 -0.02 -3.88

LGAV 422 0.07 -4.78

LFPO 562 -0.02 -4.10

LPPT 845 0.04 -3.65

LEBL 1456 -0.00 -3.78

EBBR 1741 0.00 -3.48

LFPG 1572 -0.04 -3.65

LEMD 1255 -0.04 -4.56

Weather Snow

Airport Flights affected
(departures only)

Average R Propagation 
Rank

LEMD 12 0.26 0.52

Weather Thunderstorm

Airport Flights affected
(departures only)

Average R Propagation 
Rank

EGLL 25 -0.08 -2.44

EDDT 44 0.00 -2.37

EDDL 43 0.10 -2.43

EDDF 53 0.01 -2.19

EDDM 55 -0.01 -2.27

LEPA 44 -0.01 -2.03

LFPO 16 -0.50 -2.84

LPPT 72 0.01 -2.73

LEBL 20 -0.48 -2.37

EBBR 23 -0.04 -2.37

LEMD 48 -0.07 -2.22

Visibility

Airport Flights affected
(departures only)

Average R Propagation 
Rank

EGCC 80 -0.00 -3.83

EGLL 213 0.05 -3.75

ENGM 227 -0.01 -4.07

EDDT 203 0.20 -3.78

EDDL 115 0.01 -3.35

EDDF 261 0.01 -3.87

EDDM 673 -0.03 -3.39

LEPA 42 -0.02 -2.96

LFPO 83 0.02 -3.98

LPPT 109 0.06 -3.61

EBBR 211 -0.03 -3.86

LFPG 279 -0.04 -4.16

Weather Fog

Airport Flights affected
(departures only)

Average R Propagation 
Rank

EGCC 328 -0.05 -5.46

EGLL 532 0.10 -5.89

ENGM 490 -0.08 -5.56

EDDT 1101 -0.08 -6.10

EDDL 956 0.01 -5.68

EDDF 1117 0.02 -6.30

EDDM 2994 0.00 -4.76

LEMG 146 -0.07 -5.99

LEPA 241 -0.01 -5.58

LFPO 257 0.01 -5.57

LPPT 241 0.09 -5.59

EBBR 552 -0.08 -5.84

LFPG 702 -0.07 -5.69

LEMD 278 0.20 -5.62
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Table 2. Critical propagation trees per disturbance

Configuration changeStaffingVisibility
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Thunderstorm Weather Rain Weather Fog
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Configuration Change betweenness rank

Origin Destination No. R-value B-ness Rank

EGCC LEMG 9 -0.04 1 -0.38

EGLL EDDM 9 -0.34 14 -43.13

EGLL LEMD 8 -0.63 7 -35.32

ENGM LEMG 6 -0.23 14 -19.19

EDDT EGLL 16 -0.74 15 -177.52

EDDT LEBL 3 -0.69 7 -14.47

EDDL EGCC 7 -0.48 12 -40.31

EDDL LGAV 4 -0.08 15 -4.97

EDDL LPPT 3 -0.57 8 -13.57

EDDL LFPG 14 -0.27 15 -56.37

EDDF EDDL 3 -0.66 1 -1.99

EDDM EGCC 4 -0.33 3 -3.94

EDDM EDDT 19 -0.24 3 -13.79

EDDM LEPA 8 -0.07 15 -8.57

LEMG EDDT 3 -0.30 12 -10.78

LEMG LPPT 14 -0.56 3 -23.64

LEPA EDDM 27 -0.29 1 -7.73

LGAV EBBR 6 -0.39 1 -2.35

LFPO LEBL 26 -0.25 8 -51.38

LPPT LFPO 28 -0.30 15 -124.20

LEBL EDDL 22 -0.37 14 -114.71

EBBR ENGM 7 -0.41 15 -43.47

EBBR LPPT 9 -0.81 4 -29.30

EBBR LEMD 19 -0.29 8 -44.46

LFPG EDDF 43 -0.12 15 -79.15

LFPG EBBR 6 -0.56 13 -43.48

LEMD EBBR 35 -0.10 1 -3.43

3 Betweeness analyses 

The betweenness of a edge is equal to the number 
of shortest paths from each nodes to others that 
pass through that edge. This is adapted from the 
betweenness-centrality definition, but considering 
edges instead of nodes.

An edge with ‘high betweenness’ has a large influen-
ce on the transfer of items through the network. This 
definition can be considered as an adaptation from 
the betweenness-centrality definition, but instead of 
considering nodes we consider edges. Further and 
general information on the concept can be found ht-
tps://en.wikipedia.org/wiki/Betweenness_centrality

Correlations relating to betweenness with other AT 
properties (distance, number of events) were analy-
sed in order to extract patterns and valuable inputs 
for the design principles. Figure 10. Link rank distribution with distance for Configura-

tion Change
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Visibility betweenness rank

Origin Destination No. R-value B-ness Rank

EGCC EDDF 5 -0.18 11 -10.01

EGCC EDDM 5 -0.45 3 -6.81

EGLL EDDT 11 -0.28 8 -24.34

EGLL LFPG 14 -0.18 11 -27.19

ENGM LFPO 6 -0.12 11 -8.19

ENGM EBBR 16 -0.24 2 -7.59

EDDT EBBR 6 -0.20 6 -7.05

EDDL EDDT 6 0.22 2 2.70

EDDF EGCC 4 -0.19 1 -0.75

EDDF LPPT 6 -0.05 11 -3.06

EDDF EBBR 15 -0.30 2 -8.95

EDDF LEMD 13 -0.54 10 -70.19

EDDM LEMG 6 -0.71 3 -12.73

EDDM LEPA 31 -0.13 11 -44.70

EDDM LGAV 34 -0.10 12 -40.93

EDDM LEBL 34 -0.09 1 -3.14

EDDM EBBR 38 -0.03 1 -1.12

LEPA EDDL 4 -0.21 11 -9.26

LEPA LEBL 6 0.09 1 0.53

LEPA LEMD 4 -0.40 2 -3.21

LFPO ENGM 4 -0.03 1 -0.13

LPPT EGLL 9 -0.05 1 -0.43

LPPT LEBL 10 -0.10 1 -1.03

EBBR EGLL 21 -0.31 10 -65.33

EBBR EDDM 15 -0.18 8 -21.83

EBBR LEMG 6 -0.74 9 -39.95

EBBR LEBL 12 -0.24 9 -26.09

LFPG EGCC 17 -0.57 10 -97.35

LFPG ENGM 10 -0.03 10 -2.96

LFPG EDDT 14 -0.32 1 -4.43

Staffing betweenness rank

Origin Destination No. R-value B-ness Rank

ENGM EDDM 6 -0.35 1 -2.13

ENGM LEMG 4 -0.07 8 -2.25

ENGM LEBL 4 -0.92 1 -3.68

ENGM EBBR 7 -0.42 1 -2.94

EDDT EDDM 19 -0.40 2 -15.31

EDDT LEBL 3 -0.98 7 -20.60

EDDT LFPG 8 -0.12 7 -6.72

EDDL LEPA 24 0.02 8 3.01

EDDL LPPT 5 -0.17 7 -5.99

EDDM EGCC 3 -0.50 8 -11.93

EDDM EDDT 20 -0.24 6 -28.61

EDDM EDDF 13 -0.16 8 -16.66

EDDM LGAV 5 -0.52 6 -15.67

EDDM EBBR 6 -0.22 7 -9.39

LGAV EDDL 6 -0.17 6 -6.24

LGAV LFPO 4 -0.09 7 -2.63

LGAV LEMD 10 -0.15 8 -11.73

LFPO ENGM 5 -0.07 7 -2.39

LFPO LGAV 5 -0.37 1 -1.83

LPPT EGLL 6 -0.57 7 -23.91

LPPT EDDM 4 -0.96 4 -15.28

LFPG EGLL 38 -0.29 1 -11.19

LFPG EDDT 19 -0.27 1 -5.16

LFPG EDDL 26 -0.49 1 -12.81

Figure 12. Link rank distribution with distance for Visibility
Figure 11. Link rank distribution with distance for Staffing
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Weather betweenness rank

Origin Destination No. R-value B-ness Rank

EGCC LFPG 3 -0.33 2 -1.98

EGLL LEMD 3 -0.46 13 -18.08

ENGM EDDL 4 -0.29 15 -17.66

ENGM EDDF 4 -0.42 15 -25.11

EDDT EGLL 11 -0.12 1 -1.29

EDDT LEPA 3 -0.19 1 -0.56

EDDT EBBR 10 -0.09 15 -14.08

EDDL LFPG 5 -0.34 12 -20.32

EDDF EDDT 15 -0.05 15 -10.18

EDDF EDDM 5 -0.63 2 -6.29

EDDF LEPA 4 -0.10 13 -4.99

EDDF LPPT 4 -0.93 7 -26.03

EDDM ENGM 7 -0.36 15 -38.27

LEMG LEPA 4 -0.37 1 -1.48

LEMG LFPG 5 -0.31 1 -1.53

LEMG LEMD 8 -0.62 1 -4.96

LEPA LPPT 4 -0.67 3 -8.09

LGAV EGLL 6 0.08 1 0.46

LFPO LPPT 3 -0.46 1 -1.39

LFPO LEMD 10 -0.15 1 -1.47

LPPT LEBL 6 -0.70 15 -63.43

LEBL EGLL 5 -0.06 3 -0.97

LEBL LFPO 4 0.05 15 3.08

EBBR EGCC 3 -0.60 15 -26.90

LFPG EGLL 5 -0.52 8 -20.72

LFPG LPPT 3 -0.38 4 -4.53

LEMD EGLL 9 -0.15 2 -2.67

LEMD EDDM 5 -0.14 13 -9.29

LEMD LEMG 4 0.12 15 7.28

LEMD LGAV 3 -0.33 15 -14.79

Weather Fog betweenness rank

Origin Destination No. R-value B-ness Rank

EGCC EDDL 9 -0.19 13 -21.74

EGCC LEPA 25 -0.30 8 -60.35

EGCC LGAV 3 -0.91 13 -35.59

EGLL EDDT 14 -0.13 12 -22.07

ENGM EGCC 11 -0.42 13 -59.80

ENGM LFPO 8 -0.61 13 -63.23

ENGM LPPT 8 -0.29 11 -25.43

EDDT ENGM 3 -0.49 3 -4.39

EDDT LEBL 15 -0.41 3 -18.58

EDDL LPPT 16 -0.28 1 -4.51

EDDF LEMG 8 -0.47 1 -3.75

EDDM LGAV 129 -0.12 1 -15.28

EDDM LPPT 90 -0.09 1 -7.94

LEMG LEPA 3 -0.56 5 -8.43

LEMG EBBR 5 -0.75 2 -7.47

LEPA EDDM 5 -0.12 13 -8.02

LEPA LEMD 11 -0.52 13 -73.72

LFPO EDDT 18 -0.08 1 -1.39

LPPT ENGM 3 -0.31 3 -2.81

EBBR ENGM 17 -0.32 7 -37.55

EBBR EDDF 49 -0.16 13 -103.24

EBBR LEMG 21 -0.60 12 -150.95

EBBR LEBL 30 -0.23 11 -76.65

LFPG EBBR 14 -0.30 11 -45.69

LEMD EGLL 4 -0.34 13 -17.70

LEMD LFPG 8 -0.45 13 -46.46

Figure 13. Link rank distribution with distance for Weather Fog Figure 14. Link rank distribution with distance for Weather
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Weather Thunderstorm rank

Origin Destination No. R-value B-ness Rank

EGLL LEMD 3 -0.33 1 -1.00

EDDT EDDL 6 -0.27 10 -16.05

EDDT EDDF 8 -0.29 3 -6.93

EDDL LEPA 3 -0.66 10 -19.95

EDDF ENGM 5 0.51 11 28.14

EDDF EDDM 4 -0.21 8 -6.74

EDDF LFPG 6 -0.64 11 -41.92

EDDM EDDT 11 -0.11 10 -12.36

EDDM LGAV 4 -0.18 11 -8.05

LEPA LEBL 13 -0.08 10 -10.03

LEPA LEMD 7 -0.48 6 -19.97

LFPO LEMD 3 -0.78 1 -2.33

LPPT EDDF 8 -0.50 1 -4.03

LPPT EDDM 8 -0.29 1 -2.28

LPPT EBBR 9 -0.01 10 -1.00

LPPT LEMD 7 -0.23 1 -1.64

LEBL LEMD 5 -0.23 1 -1.13

EBBR EDDM 3 -0.12 1 -0.35

LEMD EGLL 3 -0.11 10 -3.33

LEMD EDDF 3 -0.50 6 -9.07

LEMD LFPO 3 -0.16 10 -4.68

LEMD LPPT 3 0.20 10 6.12

Weather Rain betweenness rank

Origin Destination No. R-value B-ness Rank

EGCC ENGM 13 -0.15 7 -13.48

EGLL LEMG 5 -0.34 15 -25.21

ENGM EDDM 61 -0.16 15 -147.19

ENGM LPPT 24 -0.22 5 -25.82

ENGM LEMD 3 -0.49 13 -19.00

EDDT LFPO 23 -0.22 15 -75.64

EDDT LEBL 48 -0.20 15 -140.76

EDDL EGCC 121 -0.22 8 -215.96

EDDF EBBR 140 -0.25 1 -34.92

EDDF LEMD 178 -0.25 1 -45.18

EDDM EGCC 94 -0.15 1 -14.54

LEMG EGLL 10 -0.50 1 -5.04

LEMG LEPA 18 -0.44 15 -117.60

LEMG LFPG 25 -0.24 14 -85.07

LEPA EDDT 12 -0.24 4 -11.36

LEPA LPPT 5 -0.67 8 -26.61

LGAV EBBR 17 -0.45 1 -7.71

LGAV LEMD 11 -0.21 1 -2.36

LFPO EGLL 24 -0.21 14 -69.33

LFPO ENGM 9 -0.16 8 -11.83

LPPT EDDL 13 -0.24 15 -46.43

LEBL EGCC 3 -0.38 1 -1.14

LEBL EBBR 27 -0.31 13 -110.43

LEBL LFPG 68 -0.17 1 -11.51

EBBR EGCC 37 -0.15 1 -5.41

EBBR EDDF 161 -0.05 15 -130.08

EBBR LGAV 69 -0.14 15 -141.31

LFPG LPPT 44 -0.24 2 -21.31

LEMD EGCC 4 -0.94 4 -15.01

LEMD EDDT 15 -0.26 11 -42.16

Figure 16. Link rank distribution with distance for Wth.ThunderstomFigure 15. Link rank distribution with distance for Weather Rain
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Origin Destination Disturbance Occurences R-value Betweenness Rank

EDDL EGCC Weather Rain 121 -0.22 8 -215.96

EDDT EGLL Configuration Change 16 -0.74 15 -177.52

EBBR LEMG Weather Fog 21 -0.60 12 -150.95

ENGM EDDM Weather Rain 61 -0.16 15 -147.19

EBBR LGAV Weather Rain 69 -0.14 15 -141.31

EDDT LEBL Weather Rain 48 -0.20 15 -140.76

EBBR EDDF Weather Rain 161 -0.05 15 -130.08

LPPT LFPO Configuration Change 28 -0.30 15 -124.20

LEMG LEPA Weather Rain 18 -0.44 15 -117.60

LEBL EDDL Configuration Change 22 -0.37 14 -114.71

LEBL EBBR Weather Rain 27 -0.31 13 -110.43

EBBR EDDF Weather Fog 49 -0.16 13 -103.24

LFPG EGCC Visibility 17 -0.57 10 -97.35

LEMG LFPG Weather Rain 25 -0.24 14 -85.07

LFPG EDDF Configuration Change 43 -0.12 15 -79.15

EBBR LEBL Weather Fog 30 -0.23 11 -76.65

EDDT LFPO Weather Rain 23 -0.22 15 -75.64

LEPA LEMD Weather Fog 11 -0.52 13 -73.72

EDDF LEMD Visibility 13 -0.54 10 -70.19

LFPO EGLL Weather Rain 24 -0.21 14 -69.33

An edge with high betweenness has a large influen-
ce on the transfer of items through the network. Due 

to this, the top ranked betweeness links have been 
compiled in the table:

32-3 Resilence assesment per disturbance type

This Section presents an in-depth analysis of the re-
silience of the ATM European system, looking at the 
specific performance of the network against each 
different pre-defined disturbances. The methodolo-
gy, metric presented, and the visualisations are ge-
neric and therefore valid for any type of disturbance 
analysis that is supported by data. The disturban-
ces identified in the datasets are the same for the 
remaining of the project. Other disturbances might 
be quantitatively analysed through other non-public 
datasets (e.g. maintenance issues, concrete airport 
procedures or conditions).

The analysis of individual performances relies on 
the resilience metric and several network and vi-
sual analysis tools. There is higher complexity and 
resolution for the metrics presented, as compared 
to usual performance metrics used in ATM, but ena-
bles a more powerful analysis framework.

These results and assessment have allowed the de-
rivation of the set of resilience design principles that 
are presented in the next section.
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1 Rain Impact Analysis

Rain is by far the most common disturbance in the 
European ATM. Depending on its severity, rain can 
reduce visibility and runway friction, and therefore 
decrease airport capacity, with corresponding as-
sociated delays. The observations provide a R dis-
tribution centered closely to 0 and symmetric. This 
indicates that approximately half of the airports re-
act positively and the other half reactive negatively 
against rain. 

The R distribution lacks extreme values, meaning 
the system is quite robust to this disturbance. This 
insight is also supported by the delay distributions 
graph. As seen below, the reference and rain distri-
bution share the same shape with a slight deviation 
to the right; showing the ATM system is normally 
not affected by rain disturbances, showing no extra 
stress than reference days for most of the cases. 
The yellow boxes in the heat-map are the most do-
minant cases.

Through individual airport analysis we see most 
having the same/similar robust behaviour. The only 
counterexample worth highlighting  is LEMG (Mala-
ga), with the worst behaviour against rain (R= -0,1).

Figure 20. R values degree distribution for Weather Rain

Figure 19. Departure delay distribution. All airports

Figure 18. R values heat map for Weather Rain

Figure 17. R values distribution for Weather Rain

Amplified difference

Weather Rain
Reference
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2 Low Visibility Impact Analysis

Poor visibility can seriously affect air transport ope-
rations. The differences in delay distribution be-
tween reference flights and those affected by low 
visibility clearly shows visibility issues impact the 
ATM system. From an aggregated point of view, poor 
visibility is the highest impacting disturbance at air-
ports. As shown in the difference graph, delay in fli-
ghts affected can increase up to 20-30 minutes on 
average, if compared with the reference situation.

In general, the system’s response to this disturban-
ce is slightly positive, however, the individual reac-
tions differ. LGAV, LEBL, LEMG are three airports 
that ensure the most resilient response, with R hi-
gher than 0.2. The remaining airports are generally 
robust against this disturbance. The few routes with 
R<0 are depicted in the heatmap.  

Figure 24. R values degree distribution for Visibility

Figure 23. Departure delay distribution. All airports

Figure 22. R values heat map for Visibility

Figure 21. R values distribution for Visibility

Amplified difference

Visitibility
Reference
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3 Runway Configuration Changes Impact Analysis 

Runway configuration change is an operational dis-
turbance that could impact the ATM system. This si-
tuation is caused either by climate (usually changes 
in wind direction and/or speed) or operations (runway 
utilisation rules as defined in the API/Authorities). If 
runway configuration changes are unplanned, then it 
can cause delay by forcing arriving/departing aircraft 
to change the runway they were supposed to use. 
Hence, aircraft must modify their short-term plans 
and approach the runway from the other edge (which 
involves additional taxing or flying).

As extracted from the data and graphs, the R dis-
tribution is close to normal and centred at 0, with a 
slight deviation to the right. This signifies that air-
port behaviour against runway configuration change 
is usually positive. As shown in the heat map, R va-
lues are usually close to 0, therefore revealing air-
ports are more “robust” than “resilient” against this 
disturbance. Additionally, in terms of delay distribu-
tions, the reference and the runway configuration 
shows a pretty similar shape. 

Finally, the individual behaviour of the particular air-
ports can be extracted from the remaining graphs. 
The system’s response to this disturbance is in fact 
pretty similar (if compared with other that shows 
much more heterogeneous responses per airport). 
The only two airports with an R below -0,1 are both 
German: EDDL (Düsseldorf) and EDDF (Frankfurt).

Figure 28. R values degree distribution for Config. Change

Figure 27. Departure delay distribution. All airports

Figure 26. R values heat map for Configuration Change

Figure 25. R values distribution for Configuration Change

Amplified difference

Configuration Change
Reference
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4 Thunderstorm Impact Analysis 

The lack of sufficient data identifying thunderstorm 
occurrences impedes an in-depth analysis and/or 
significant statistical results. Thunderstorms usua-
lly take place in conjunction with other recorded dis-
turbances such as rain, snow or heavy wind. Howe-
ver, even with the limited data available, some clear 
trends can be extracted.

For instance, the heterogeneous reaction of airports 
against this disturbance can be derived from the 
width of the R distribution and the coloured heat-
map. The EGCC airport has the best reaction to a 
thunderstorm disturbance while LEBL and LFPO 
airports reacted the worst. The remaining R results 
per airport are displayed below:

Figure 32. R values degree distribution for Weather Thunderstorm

Figure 31. Departure delay distribution. All airports

Figure 30. R values heat map for Weather Thunderstorm

Figure 29. R values distribution for Weather Thunderstorm

Amplified difference

Weather Thunderstorm
Reference
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5 Fog Impact Analysis

Fog presence is usually linked to reduced visibility. 
Therefore, it is not shocking that the impact of fog in 
air transport operations is pretty similar to visibility. 
R distributions are almost identical. From an aggre-
gated point of view fog is one of the highest impac-
ting disturbance at airports. As shown in the diffe-
rence graph, delay in flights affected can increase 
up to 20 minutes on average, as compared with the 
reference situation.

There are some airports with a scarce number of 
occurrences (LEPA, LGAV, LEMG; all located near 
the sea). In general, the system’s response to this 
disturbance is slightly negative, however, the indi-
vidual reactions differ. LGAV, LEMD, LEBL are three 
airports with the best resilient response, with R lar-
ger than 0.1. The remaining airports are generally 
robust against this disturbance (yellow cells within 
heatmap) . The route to/from ENGM (Oslo), EDDT 
(Berlin) and EBBR (Brussels) are by far the worst 
airports reacting against fog.

Figure 36. R values degree distribution for Weather Fog

Figure 35. Departure delay distribution. All airports

Figure 34. R values heat map for Weather Fog

Figure 33. R values distribution for Weather Fog

Amplified difference

Weather Fog
Reference
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6 Staffing Issues Impact Analysis

The lack of sufficient ATC personnel resources avai-
lable can have a serious impact in the performance 
of the airports affected. This lack of personnel could 
originate from a variety of situations, with labour 
strikes being the most common. The availability of 
staffing data depends not only on the number of oc-
currences, but also on the reporting culture of the 
various airports, ANPS and even national agencies 
and regulations. This makes the staffing disturban-
ce controversial, as the conclusions heavily depend 
on the quality and quantity of data on the issue. Des-
pite the lack of numerous cases in the dataset, some 
trends can be extracted.

There is a wide variety of R values for each of the 
different airports: The R of LEPA is 0,6 and LEBL 
is -0,4, which may show that the impact of this dis-
turbance in the network varies very considerably 
across airports.

Figure 40. R values degree distribution for Staffing

Figure 38. R values heat map for Staffing

Figure 37. R values distribution for Staffing

Figure 39. Departure delay distribution. All airports

Amplified difference

Staffing
Reference
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The local delays with respect to the different capaci-
ty values (mov/15 min) in LTBA are shown in Figure 
42. It is observed that the breaking point is 11mov/15 
min and the delay profile changes abruptly around 
this capacity value.

Breaking points and actual capacity values of ma-
jor European airports are presented in Table 10. The 
airports with breaking points smaller than 5 were 
not included in the Table 10. It was assumed that 
an airport with a single runway can serve around 7 
aircraft in a 15 minute period. An airport can operate 
far from its breaking point with only a single runway 
along with low demand. For this reason, airports 
with capacity values far from breaking points were 
deemed unnecessary for further evaluation.

Besides the breaking points, actual capacity values 
and extra capacity ratios of the major European air-
ports are also presented in Table 11. In particular, 
the extra capacity ratio can be used to predict the 
magnitude of delays when the capacity is decreased. 
Generally, runway throughput is reduced in terms of 
percentage in a problematic situation (ATC strikes, 
extreme weather conditions) and these percentage 
values are around 20-30% [15] in most cases. Hen-
ce, it is informative to know the extra capacity ratio 
of an airport; the effect of a capacity reducing event 
for a specific airport on the network can be inferred 
with this information and the connectivity characte-
ristic of the corresponding airport.

3.3 Assessment of efficiency results

In the previous section we described the stochas-
tic queue model and defined the notion of breaking 
point, which will be the main methodology for as-
sessing airport efficiency in European air traffic ne-
twork. In this section we run the queue model and 
compute delays for airports under a variety of capa-
city reduction scenarios.

First, we take one particular airport and investigate 
how the local delay generation varies throughout the 
days for a set of different capacity values. The main 
objective is to visually identify the breaking points 
of the airports (see the section on methodology for 
the formal definition of breaking point). The analysis 
results for EDDF and LBTA airports are presented in 
Figure 41 and Figure 42. Analysis reveals that diffe-
rent airports demonstrate different behaviors around 
their corresponding breaking point. Some airports, 
such as EDDF, display a relatively smoother transi-
tion in the amount of total delay when approaching 
the breaking point. Others, such as LTBA, display a 
sharp increase in local delay profiles when approa-
ching the breaking point. The airports of the latter 
type can be assumed to be more sensitive to the ca-
pacity reductions around the breaking point. A num-
ber of other factors such as geographical properties, 
operational details, independent versus non-inde-
pendent runways, and airspace design might also 
contribute to this effect. However, since these con-
tributions are relatively small compared to the effect 
of capacity reductions, they were disregarded in the 
simulation studies.  

The local delays with respect to different capacity 
values (mov/15 min) in EDDF are shown in Figure 41. 
It is observed that the breaking point is around 17-
18 mov/15 min and there is not a huge variation in 
the delay profile around this point. Note that the si-
mulation results do not involve flight cancellations, 
which explains the large amount of delays after the 
airport capacity is reduced below the breaking point.

Figure 41. Total Delays (Arrival + Departure) With Respect To 
Different Capacity Values in EDDF. The breaking point is annota-
ted on the plot.

Figure 42.  Total Delays (Arrival + Departure) With Respect 
To Different Capacity Values in LTBA. The breaking point is 
annotated on the plot.
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Airport Breaking Points (BP)     
(Mov./15min)

Declared Capacity (AC) 
(Departure + Arrival) 
(Mov./15min)

Efficiency
(BP/AC)

Extra Capacity Ratio 
(1-(BP/AC))

June November June November June November

LFPG 20 18 30 0.67 0.60 0.33 0.40

EDDF 20 19 25 0.80 0.76 0.20 0.24

EGLL 20 19 22 0.91 0.86 0.09 0.14

EHAM 19 18 27 0.70 0.67 0.30 0.33

EDDM 16 15 23 0.70 0.65 0.30 0.35

LTBA 14 14 15 0.93 0.93 0.07 0.07

LEMD 14 14 25 0.56 0.56 0.44 0.44

LIRF 14 13 23 0.61 0.57 0.39 0.43

ENGM 13 12 20 0.65 0.60 0.35 0.40

LFPO 11 10 17 0.65 0.59 0.35 0.41

ESSA 11 11 21 0.52 0.52 0.48 0.48

LOWW 11 10 17 0.65 0.59 0.35 0.41

EKCH 11 10 21 0.52 0.48 0.48 0.52

LEBL 12 10 18 0.67 0.56 0.33 0.44

EBBR 10 10 19 0.53 0.53 0.47 0.47

LSZH 11 9 17 0.65 0.53 0.35 0.47

EDDL 9 9 12 0.75 0.75 0.25 0.25

EGKK 10 9 15 0.67 0.60 0.33 0.40

LEPA 10 5 16 0.62 0.31 0.38 0.69

EFHK 8 7 20 0.40 0.35 0.60 0.65

EDDT 8 7 13 0.62 0.54 0.38 0.46

LIMC 7 6 18 0.39 0.33 0.61 0.67

EGCC 7 7 14 0.50 0.50 0.50 0.50

LSGG 6 6 10 0.60 0.60 0.40 0.40

EIDW 7 7 12 0.58 0.58 0.42 0.42

LTFJ 7 6 8 0.87 0.75 0.13 0.25

EDDH 6 6 14 0.43 0.43 0.57 0.57

LPPT 6 6 10 0.60 0.60 0.40 0.40

EGSS 6 6 11 0.55 0.55 0.45 0.45

 Comparative Analysis for Major Airports with 
Different Efficiency/Extra Capacity Ratios:

In order to examine the delay generation process of 
major airports with different extra capacity ratios, 
a comparative analysis was conducted for four di-
fferent delay scenarios. ALLFT+ data from the date 
09.06.2014 was used in this implementation. The 
first scenario considers a nominal operation where 
the capacities of all airports are set to their actual 
values. The second and fourth scenarios are 25% ca-
pacity reduction in EGLL (London Heathrow) and in 
EDDF (Frankfurt) respectively. And the third scenario 
is 25% capacity reduction in EDDF (Frankfurt), LFPG 
(Paris Charles de Gaulle) and EHAM (Amsterdam 
Schiphol). The algorithm is ran 10 times and avera-
ged values of the results are presented in Table 11.

Table 10. Breaking Points of European Airports (in June and November 2014)
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Observing the results in Table 11 shows that the 
greatest amount of delay in the network was ge-
nerated in scenario 2, where the capacity of EGLL 
is reduced. On the other hand, although scenario 3 
considers capacity reduction across three different 
airports, the amount of delay generation was much 
less compared to scenario 2. This is mainly due to 
extra capacity ratio differences between these air-
ports. According to Table 11, EGLL has 9% extra ca-
pacity ratio, whereas EDDF, LFPG and EHAM have 
20%, 33% and 30% respectively. Thus relatively low 
extra capacity ratio of EGLL is the main source of 
the massive delay generation in scenario 2. Althou-
gh scenario 3 considers a more critical event where 
the capacity is reduced across multiple airports, the 
extra capacity ratio of these airports compensate for 
the generated delay. When scenario 3 and scenario 
4 are compared, it is seen that both scenarios have 
approximately same impact on different airports. 
Extra capacity ratios of LFPG and EHAM are higher 
than 25%. Because of this reason, 25% capacity re-
ductions in LFPG and EHAM do not cause signifi-
cant delays on network. Hence these results lead 
to conclusion that the extra capacity ratio can be a 
key factor in understanding the resilience proper-
ties of ATM systems. It can be further asserted that 
airports operating near to their maximum capacity 
(hence having high efficiency but low extra capacity 
ratio) can be an important element that constrains 
the resiliency of an ATM system.

Airport Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total delay 
(min)

% of Flights 
with +15 delay

Total delay 
(min)

% of Flights 
with +15 delay

Total delay 
(min)

% of Flights 
with +15 delay

Total delay 
(min)

% of Flights 
with +15 delay

EDDF 181 0.1 1389 1.2 18969 52.8 18404 51.6

LFPG 186 0.1 1411 1.1 1681 0.8 465 0.8

EGLL 1069 0.2 100536 74.6 1519 1 1411 1

EHAM 211 0.2 1627 1.5 3969 0.9 415 0.7

LTBA 3200 0.2 3572 0.7 3374 0.6 3261 0.5

EDDM 78 0.1 1223 1.4 322 0.9 286 0.9

LEMD 409 0.4 1461 1.5 590 1 563 1

LIRF 122 0.2 1193 1.5 260 0.6 241 0.6

LEBL 145 0 806 0.9 346 0.7 312 0.7

LOWW 231 0.3 814 1.1 496 1.7 475 1.7

EDDT 47 0 848 2.2 266 1.3 247 1.3

EIDW 88 0 2709 4.6 192 0.6 165 0.6

EGPH 44 0 1898 5.9 121 0.3 85 0.3

EGPF 211 0.4 1464 4.7 236 0.4 211 0.4

EGPD 38 0 1355 5.3 111 0.9 88 0.9

EDDV 31 0.7 808 2.2 150 3.7 137 3.7

EDDP 1 0 144 0.9 121 3.6 116 3.6

Table 11. Results of Different Scenarios for Percentile Capacity Reduction
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4.2 Design principles on efficiency

The following design principles are noted based on 
the results of the previous section “Assessment of 
efficiency results”.

• Mind breaking points: Computing the breaking 
point of an airport is critical in understanding 
its delay generation characteristics. Simulation 
results reveals that if the capacity of an airport 
is greater than its breaking point value, then the 
airport will not generate significant local delays 
and its effect on the overall network will be ne-
gligible. Hence computing and being aware of the 
breaking point of an airport is an integral part in 
analyzing the network delay generation.

• Avoid operating at the maximum capacity / vi-
cinity of breaking point: The extra capacity ratio, 
which can be calculated when the breaking point 
is known, provides valuable information in predic-
ting the effect of local delays when the capacity 
of the airport is reduced due to external events, 
such as: systems/equipment failures, staff shor-
tages, airport capacity problems, airspace clo-
sures due to ie. military exercise or air displays, 
geographical conflicts, industrial actions, volca-
nic ash, earthquake, etc.The results on compara-
tive analysis of major airports with different ex-
tra capacity ratios reveals that the airports with 
higher extra capacity ratios generate much less 
delay under capacity reductions. Hence, althou-
gh having extra capacity ratio might harm the 
efficiency in terms of resource management, it 
should be acknowledged that this design choice 
can payoff in scenarios where there is a signifi-
cant capacity reduction at the airports, as shown 
by the simulation results.

• Use resources efficiently: It should be emphasi-
zed that although having a high extra capacity ra-
tio is desirable from the point of view of resiliency, 
having too much extra capacity might lead to an 
inefficient use of resources. Unused resources 
might hurt the overall performance of the sys-
tem in the long run. The appropriate amount of 
extra capacity ratio should be carefully adjusted 
for achieving balance between efficiency and re-
siliency.

• Expect relatively larger increase in delays af-
ter capacity reductions for airports with high 
demand rate: Simulation results also show that 
different airports display different delay genera-
tion characteristic around their breaking point 
capacity value. This effect is correlated with the 

4.1 Introduction to the design principles 

The goal of this Section is to abstract general design 
principles for a future enhanced version of the ATM 
system. With these principles in place, the objecti-
ve is to optimise the resilience and efficiency of the 
system.

The design principles are extracted from the obser-
vations implemented to the system, and the results 
of which were presented in the previous section. In 
the design of the ATM system many considerations 
need to be taken into account; from financial cons-
traints to performance targets. This exercise does 
not intend to cover every potential consideration on 
such design and does not pretend to show a holistic 
view of ATM architecture. However, the ATM network 
performance analysis usually lacks an approach 
that is performance-driven at network level. The re-
silience and efficiency design principles could com-
plement other ATM architecture principles and help 
to improve the ATM design techniques.

The set of results and results principles were pre-
sented to ATCOs of the Resilience2050 partner 
DHMI. Their operational assessment and recom-
mendations have been key in order to derive the re-
silience design principles.

The qualitative description of the desing principles is 
included in the current deliverable. However, more de-
tailed information on how they have been quantitatively 
implemented in the future model is explained in D4.3

4 New design principles
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4.3 Design principles on resilience

The following design principles are noted based on 
the results of the previous section, “Assessment of 
resilience results”.

• The flights affected by disturbances experienced 
more delay than in the reference state (undisturbed 
flights). Each disturbance impacts in significant-
ly different ways, as shown in the graphs. There 
would be minimum delays, depending on the con-
ditions at the airport, in a scenario without distur-
bances or adverse events that would cause aircraft 
to arrive late. Measuring the reference level for 
each airport and city pair constitute the reference 
state which might be of use when designing per-
formance frameworks. When the severity (dura-
tion, intensity and/or time slots with higher traffic) 
of the disturbances increases, naturally, there will 
be more delays. Different impacts are observed for 
each disturbance. Therefore, resilience principles 
should focus on the most impactful disturbances, 
or in other words, disturbances that hinder the 
system’s performance the most. As seen, on refe-
rence days, it is less common to absorb residual 
delays. Delay abortion mechanisms are usually 
not in place until there is a mid-size disruption. 
The mechanisms to absorb delay are most of the 
time triggered by pilots or AOC’s requesting direct 
routings. Generally, direct routings do not warranty 
a global ATM improvement as additional resources 
need to be available in the next sector/airport to 
absorb these “transferred” delays.

• R figures are positive for a large number of ca-
ses; specifically slightly higher than half of the ca-
ses. The resilience metric R measures the system 
reaction after disturbances in comparison with 
the equivalent reaction in not disturbed days (re-
ference states). This reaction is the ability to ab-
sorb the delay created in advance. The R values 
do not measure nominal performance but rather 
how the system reacts better absorbing (or not) 
delay than on a reference day. As explained abo-
ve, the system’s ability to absorb residual delay in 
undisturbed days is scarce. Hence, the positive R 
figures make sense, which compares behaviour 
between the two scenarios.  

• Larger airports show good overall R results 
while mid-size airports show worse R results. 
Higher levels of delay are more common in lar-
ger airports and it is common for the airport ma-
nagement, ANSPs and airlines to have common 
procedures towards handling these delays. There 
are also examples of these procedures documen-
ted in written format. For instance, when there is 
southwest wind in Istanbul, the operation chan-
ges completely and the efforts are focused on 
minimizing the delays as much as possible. The 
resilience design principles should recommend 

demand profile of the airport. Simulation results 
reveal that the higher the demand rate the more 
delay the airport will generate past its breaking 
point. Hence not only do breaking points need to 
be taken into consideration but also the demand 
profile of the individual airports for the analysis of 
network delay generation.

• Take a proactive approach when it comes to ca-
pacity reductions: Simulation results show that 
airport capacity reductions might lead to signi-
ficant amounts of delays. Hence, taking precau-
tionary measures towards such events will lead 
to improved performance. Some of these proac-
tive efforts are: pre-planning, using collaborative 
approaches, increasing situational awareness, 
better analysis of causes of capacity reducing 
events, measuring performance continuously, 
and applying best practices.
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resilient most of the time against them. This re-
ason is consistent with operational explanations, 
as about half of the total operations are planned 
with enough time in advance, so it may not be 
considered as a “real” disturbance in most cases. 
However, issues might appear, linked to the hard 
constraints on airspace and airport procedures. 
For example, some airports may have difficulties 
if they have a very rigid working system, along 
with crowded airspace, or other constrains such 
as airports/runways being closed after at night 
due to noise. In this scenario, the two worst per-
forming airports are Dusseldorf and Frankfurt. 

• Identifying the routes that play a fundamental 
role on the network resilience is critical for a per-
formance analysis of the network. The R indicator 
should be improved; prioritizing the airports with 
the highest in-betweenness figures. In the end, 
priority should be placed on improving the worst 
combinations of R values and betweenness figu-
res. For instance from EDDL to EGCC under rain, 
despite being negative, there is a fair R-value 
(-0.22) and a rather large betweenness rank (8). 
Improving any of these parameters will improve 
the overall network resilience. This route should 
be prioritized if compared with any route with a 
better R and/or betweenness figures. One of the 
“best” examples is the route from EDDT to EGLL 
under a configuration change, in which the R-va-
lue and the betweenness values for this link are 
really bad (-0.76 and 15 respectively).

• Insights can be observed from the worst/best com-
bination of routes in terms of propagation of delay. 
The R indicator should be improved for the most 
critical airports in propagation trees analysis. In 
order to do so, it would be interesting to rank their 
contribution in the critical propagation trees. EDDF 
and EDDT both have a large number of fog distur-
bances (1117 and 1101 respectively) and the latter 
is less resilient than the former (R-values -0.08 
and 0.02 resp,). However, propagation trees are 
very different and EDDF has a worst propagation 
rank than EDDT (-6.30 vs -6.10, see graph below). 
Similarly to what happens with the betweenness 
properly, the combination of R figures and propa-
gation behaviour is key for the proper assessment.

concrete (e.g. per airport) improvements against 
certain disturbances. The room for improvement 
in not congested airports is larger than in crow-
ded ones. Most of the airports with higher traffic 
already have some basic resilience procedures 
and delay absorption mechanisms.

• The ATM system is clearly robust against a rain 
disturbance, as it  shows no stress when it rains 
compared to when it is not raining. There is almost 
no delay deviation between rainy operations and 
reference one. This means rain does not affect 
airport procedures and operations in a significant 
way. The worst response to rain is by Malaga, a pla-
ce with an extremely low number of rainy days. The 
intensity of the rain should also be considered in 
this analysis. If the rain is intense and causing low 
visibility, minimum separation distances should be 
increased for safety, which naturally leads to in-
creased delays. Since the rain does not affect any 
technical equipment (except the X band radars), 
the operational assessment is rain will mostly im-
pact visibility. Additionally, rain could lead to a re-
duction in the runway friction and may lead to an 
increase in runway occupancy time. However, the-
re are many other factors affecting the occupancy 
times for this case, such as pilot experience and 
company policies, and there is not enough data to 
support a deeper study on this topic.

• Visibility issues at airports, with its correspon-
ding decrease in capacity, is the disturbance  that 
causes most delay. Fog disturbance (among other 
decreasing visibility) impacts many airport opera-
tions. In this case, a 20-30 minute delay is normal 
for most of the affected flights. There are very few 
airports that are resilient against this disturbance. 
The three worst reacting airports to fog occurren-
ces are:  ENGM (Oslo), EDDT (Berlin) and EBBR 
(Brussels). When visibility is low, delays will start 
to accumulate and this will affect both arriving and 
departing aircraft. In addition, this will create a 
chain reaction and start affecting other airports as 
well, due to flight connections. If the fog is at an in-
tolerable level, and the airport cannot develop any 
countermeasures, then it is natural to see severe 
pertubations. For instance, the Hatay airport usua-
lly has intense fog in the mornings and many airli-
nes must land at Hatay during those hours. It was 
realised after a couple of months that no effective 
countermeasures could be taken, and the problem 
was instead solved by shifting some flights to af-
ternoon hours where the fog is less intense. Fog 
seems difficult to manage; when there is fog, very 
little can be done in order to absorb delays. There 
are still no effective technical countermeasures. 
Hence, only minor R improvements against fog are 
unexpected in the near future.

• In general, airports are reacting in a positive way 
to runway configuration changes, and they are 
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