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Abstract  

This document is the final report of the ISOBAR project gathering the description of all results obtained 
in the project. It describes briefly the project context, work performed and main results (supported by 
references to all project deliverables), to later on deepen into extracting conclusions, technical lessons 
learned and recommendations for future related R&D for each technical thread within the document.  

Regarding the ISOBAR solution, this document also includes the maturity assessment relevant for the 
gate Exploratory to Industrial Research. In the same line, it is discussed the contribution of the project 
to the ATM Master Plan. A roadmap for further maturing of ISOBAR solution is provided. 

To better reflect the aspects of the intermediate OSED that have evolved after the execution of the 
ISOBAR validations, ISOBAR D1.2 has been updated accordingly. The present document includes 
references to this update in the relevant sections linked to enhanced ATFCM process.  
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1 Executive Summary 

The ISOBAR project integrates accurate and probabilistic convective weather forecasts in the ATFCM 
process. These weather forecasts are an input to the demand and capacity prediction, so that 
imbalances between capacity and demand can be better anticipated and more adequate mitigation 
measures can be prescribed to ensure safety and maximise efficiency and capacity. 

The overall outcome is an adaptive network plan, prescribing alternative solutions depending on the 
evolution of the demand, capacity and weather.  

The main building blocks around which the work in ISOBAR has been articulated are:  

• An enhanced ATFCM process targeting weather-based imbalances; 

• A meteo engine providing probabilistic forecast of convective storms; 

• Data integration from diverse ATM and meteo sources; 

• Precise and granular characterisation of demand and capacity imbalances, including capacity 
decay prediction and the characterisation of potential AUs demand responses to disruptions; 

• Automated DCB mitigation solutions boosting human operator capabilities; 

• And demonstration of the feasibility and usability of ISOBAR Solution, addressing both an 
operational and a performance evaluation. 

Overall, it can be concluded that the conceptual elements and technical AI-based components 
proposed to manage critical convective events are a viable step forward in the effort to improve the 
Network Performance in critical situations. Such conclusion is supported by the validation results, both 
quantitatively and qualitatively. Not all aspects included in the operational concept description has 
been tested operationally due to lack of maturity of the automated components. Nonetheless, ISOBAR 
project has included the development of an operational dataflow diagram that represents the target 
architecture of the ISOBAR solution and illustrates the interoperability between the different modules 
that make up the solution helping to better understand the connections between them. 

Machine Learning (ML) works for predicting convection, 
computing probabilistic forecasts of convective weather adapted to 
ATFCM spatial and temporal granularities. All models developed 
show good skills at predicting convective cells, and these 
predictions have been proved to be stable from D-1 to D-0. A 

question that has been posed during operational evaluation is the pertinence of using multi-model 
products that predict convection using the various NWPs as simultaneous input and deriving to a 
unified metric to visualise convective weather. In either case, the inclusion of more precise 
observational data would allow to focus on different target functions. A real time demonstration is 
also recommended to better assess the potential benefits to air traffic flow management operations. 
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The research done in hotspots prediction provides great 
insight into how ML models can be used for better 
anticipating traffic and capacity reactions to critical weather 
situations. Various iterations lead to a concept that had high 
acceptability and usability during the operational evaluation, 
with the FMP/NM reporting that the capacity reduction 
values issued by automation support are relevant, realistic, 
precise and support the identification of imbalances.  

In terms for characterising demand alternative trajectories, as most of AU preferences criteria (except 
SWISS in the project) were not available, the “choice” has been to assess route preference with a 
statistically approach. The main expectation of Airspace Users about improvements in the 
management of hotspots caused by convective weather is that the mitigation measures consider and 
integrate AUs preferences. This may sound straightforward, but in fact is a complex problematic that 
is discussed in detail in this document, addressing the need for collaborative decision-making, the use 
of new technical enabler and the fact that only Airspace Users know their preferences.  

The effort in designing and developing automated DCB solvers has crystallised in a set of tools 
outperforming baseline custom CASA algorithms in terms of total delay and number of delayed flights. 
In particular, the non-AI solver suite has been tested by operational staff reaching as well high 
acceptability and usability. Integrating the sector configuration (capacity adjustment) to the solver or 
revisiting the delay attribution policy for cross-border and global solutions are some of the future R&D 
steps that have been identified for this promising and disruptive models.  

Globally for the ISOBAR Solution, feasibility has been proven for 
both the “back-end” design part regarding the AI-based 
components and also for the “front-end” part that focused on the 
visualisation the meteo, DCB impact and proposed solutions 
supported by aid-tools. The AI modules reached results 
corresponding to TRL values ranging from 2 to 4 throughout the 
performance evaluation. PLANTA/INNOVE prototype 
incorporated both parts and has been successfully tested and used 

in operational validation exercises in ISOBAR. Overall, the evaluated coordinated process at D-1 
involving local FMPs and the pivotal role of NM led to a more stable plan and performance which will 
leave residual problems to manage on D0. 

The very promising evaluated ISOBAR concept should be pushed towards higher maturity level and 
further improvements in performance/maturity of the AI-based components and DCB workflow 
according to the conclusions. 
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2 Project Overview 

2.1 Operational/Technical Context 

Air Traffic Flow and Capacity Management in Ait Traffic Management (ATM) relies on the accuracy of 
the prediction of the upcoming capacity and demand situation and the ability of the systems and 
processes to proportionately react to this prediction. This context makes network prediction and 
performance very sensitive to weather events and the uncertainty in their forecasts. In addition, 
current Air Traffic Flow and Capacity Management (ATFCM) operations are not evaluated from a 
systematic perspective, so there is a strong dependency on the experience of human operators for 
both the evaluation of the predicted situation and the decision-making on the appropriate measures.  

There is a need for improvement both of predictability of situation and robustness of the potential 
mitigation to demand and capacity imbalances. ISOBAR addresses these challenges through the 
contribution to an Artificial Intelligence (AI)-based Network Operations Plan, by including in its scope: 

• An enhanced weather prediction tailored to ATFCM. The accuracy of the prediction reveals 
itself almost as crucial as the way this prediction is digested and presented to operational users 
and decision makers.  

• ATM and weather data integration. Diverse temporal and spatial granularities and formats 
require a careful data management that allows individual components to work collaboratively 
and serve the users as seamlessly as possible.  

• AI automation support to Demand and Capacity (DC) imbalance characterisation and 
imbalance mitigation prescription. The irruption of AI is good news for the precision of 
prediction of imbalances and for the proposal of measures whose conception might be too 
complex for the human operators. It is essential always that the human is in the loop and 
review carefully the solutions using both cognitive abilities that are far beyond any AI and their 
irreplaceable experience. The possibilities of AI are also exploited as automated learners and 
therefore trainers of humans. A real boost for human capabilities.  

The research developed in ISOBAR is especially relevant for pre-tactical ATFCM performed by local 
(Area Control Centre (ACC) level) flow managers and by the Network Manager at European level. It 
encompasses en-route operations but the concepts and methodologies proposed could be extended 
for application in Terminal Manoeuvring Areas (TMA).  

2.2 Project Scope and Objectives 

The ISOBAR project integrates accurate and probabilistic convective weather forecasts in the ATFCM 
process. These weather forecasts are an input to the demand and capacity prediction, so that 
imbalances between capacity and demand can be better anticipated and more adequate mitigation 
measures can be prescribed to ensure safety and maximise efficiency and capacity.  

To achieve this vision, four objectives and associated success criteria are set: 
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O1- Reinforce ATFCM processes with Probabilistic Weather Information 

To enhance ATFCM process at pre-tactical and tactical levels (-24h up to execution, with a focus on 
later tactical phase, closer to execution time) by integrating adaptive scenarios into the local traffic 
manager (local - Flow Management Position (FMP)) and network management (network) roles/ 
positions. Scenarios are composed of pre-studied capacity decay events due to convective weather 
cells and associated pre-agreed solutions for demand and capacity imbalances.  

O2- More Precise Characterisation of Demand and Capacity Imbalances due to Convective Weather 

To develop a more precise method for characterisation of demand and capacity imbalances due to 
convective weather cells from pre-tactical level to tactical levels depending on the input of 
probabilistic forecasts of weather cells by using applied Artificial Intelligence methods and ATM and 
weather data integration.  

O3- Produce Airspace Users (AUs)-driven Mitigation Plans 

To develop an automated engine that produces mitigation plans for solving convective weather-
related demand and capacity imbalances, considering AUs priorities and expected effectiveness of 
ATFCM measures, based on in-flight feedback and the post-analysis of the executed operations. 

O4- Develop a Roadmap for Weather Mitigation Ancillary Services 

To develop an operational and technical roadmap for the crystallisation of ISOBAR solution into 
ancillary services providing an AI-based adaptive input to the Network Operations Plan (NOP) in terms 
of: probabilistic convective weather tailored to ATFCM spatial and temporal granularities, precise 
characterisation of demand and capacity imbalances and AUs-driven Machine Learning (ML) engine 
for prescription of adaptive mitigation plans.   

Figure 1 illustrates the ISOBAR overall vision, representing in blue the core processes and operational 
parts, whereas in green the data provisions. The figure introduces the process to create an adaptive 
NOP depending on unfolding weather conditions, within a range between -24H to operations. 

The overall outcome is an adaptive network plan, prescribing alternative solutions depending on the 
evolution of the demand, capacity and weather. The solution provides the Network Manager (NM), 
local air traffic control centres and AUs with information tailored to the operational processes and 
needs. The outcomes of the complete ATFCM and Air Traffic Control (ATC) processes are confronted 
with the reference performance framework and the results of baseline ATFCM based on historical data. 
The deviations and outcomes from the tactical ATFCM process feed the ISOBAR core to improve the 
machine learning engine for mitigation. 
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Figure 1: ISOBAR Enhanced ATFCM Vision 

2.3 Work Performed 

Figure 2 below is an overview of ISOBAR integrated solution and all technical threads addressed along 
the project. The main building blocks around which the work in ISOBAR has been articulated are:  

• An enhanced ATFCM process targeting weather-based imbalances; 

• A meteo engine providing probabilistic forecast of convective storms; 

• Data integration from diverse ATM and meteo sources; 

• Precise and granular characterisation of demand and capacity imbalances, including capacity 
decay prediction and the characterisation of potential AUs demand responses to disruptions 
(based on ML capabilities for building alternative trajectories per city-pair and not on direct 
input on alternatives from AUs); 

• Automated DCB mitigation solutions able to integrate Airspace Users priorities and learning 
from operational feedback (models with the capability to use as input AUs priorities when 
available); 

• And demonstration of the feasibility and usability of ISOBAR Solution, addressing both and 
operational and a performance evaluation. 
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Figure 2: ISOBAR Solution building blocks 

The following subsections detail the work performed in the project articulated around these six 
building blocks. The same scheme has been used throughout this document to describe the project 
results, the conclusions and the lessons learnt. References to project deliverables correspond to those 
included in Table 1 in section 2.5. 

2.3.1 Enhanced ATFCM process 

ISOBAR has proposed an enhancement of the Collaborative ATFCM process both at local (FMP) and 
network (NM) level by describing a process based on the integration of convective weather 
probabilistic forecast with is tailored to the spatial and temporal granularities of the ATFCM process.  

The enhanced process also foresees harmonised weather information at European level, harmonised 
decision and coordination times, collaboration of all actors (including AUs and various Air Navigation 
Service Provider (ANSP) in cross-border operations) and availability of automated (AI-based) support 
tools for hotspot prediction, mitigation prescription and coordination.  

The contents developed in this block have crystallised in two deliverables, D1.1 and D1.2, jointly 
aligned with the scope and structure of the SESAR template for the Operational Service and 
Environment Definition (OSED) document, including: 

• Detailed operational environment; 

• Detailed operational method including procedures, roles and responsibilities, operational 
scenarios and use cases; 

• Full set of safety, performance and interoperability requirements. 
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D1.1 corresponds to an initial description of the target operational framework, whereas D1.2 further 
develops the framework with the detailed flow of ISOBAR processes and models (1st delivery of D1.2) 
and with the feedback from evaluation of effectiveness (final delivery of D1.2). This incremental 
development is aligned with the concepts of initial, intermediate and final OSED used in SESAR 
validations. Therefore, the three deliverables of WP1 have been adjusted to this OSED-scheme, where: 

• D1.1 is the initial OSED;  

• D1.1 with the addition of 1st delivery of D1.2 is the intermediate OSED; 

• The update of D1.2 is the final OSED. 

The intermediate OSED includes a section for Technical Specification with the system/ non-functional 
requirements directly derived from the operational/ functional requirements in the initial OSED. The 
updates of the D1.2 with regards to first delivery are those included in the final D1.2 [3]. The work has 
been completed with the design and the development of a Human Machine Interface (HMI) showcase 
for ISOBAR concept clarification and dissemination purposes (see D5.2 Availability Note).  

2.3.2 Probabilistic Convection Input to ATFCM  

The ISOBAR MetEngine has been developed to provide meteorological forecasts at network and local 
levels. The MetEngine is based on the use of Artificial Intelligence along with Numerical Weather 
Prediction (NWP) to improve the accuracy of thunderstorm prediction. 

In particular, three different NWP products have been chosen, namely: 

• AROME-EPS (Ensemble Prediction System) and AROME-PI (in French Prévision Immédiate) for 
France region,  

• the AEMET (in Spanish Agencia Estatal de Meteorología) γSREPS for the Iberian Peninsula,  

• and the ECMWF (European Centre for Medium-Range Weather Forecasts) EPS for Western 
Europe.  

Casting them against thunderstorm observations (via satellite and lightening detectors), the team has 
built a Long Short-Term Memory (LSTM) recurrent Neural Network that has been trained, tested and 
validated in a set of days. The description of this work is included in D2.1.  

The work has also encompassed the development of interfacing to ATFCM tools, customised to the 
required geographical and time granularities, and a set of dashboards to show visually the predicted 
convection. D2.2 corresponds to the availability note of this development.  

2.3.3 Data integration and architecture 

This work thread of ISOBAR has corresponded to data Extract, Transform and Load (ETL) in the project. 
The related tasks have been at the core of data management to serve the needs of the whole project, 
in particular in terms of data ETL for: 

• Development and training of each AI component. 

• Individual evaluation of each AI component. 
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• Global evaluation of the ISOBAR solution by means of the sequential execution of the 
individual components within the framework of the integrated prototype, which, at its turn, is 
connected to Network Manager real time simulation. 

D5.1, throughout its two iterations, and D8.3 Data Management Plan together describe the work 
performed within the project for gathering all necessary ATM and meteorological data and 
transforming them, when necessary, in order to load the required information in the corresponding 
software modules.  

2.3.4 Demand and Capacity Prediction 

The work performed in terms of demand and capacity prediction tailored to convection estimation has 
been split in two threads: 

• AUs Alternative Trajectories Demand Characterisation. Trajectory prediction in ISOBAR has 
been focussed on providing potential AUs preferred trajectories, to characterize demand and 
support forecasting, but also alternatives trajectories, still reflecting AUs preference to feed 
optional mitigation scenarios and optimization. The alternative trajectories produced are 
based on ML capabilities and not on direct input on alternatives from AUs. The important 
feature regarding the feed into mitigation solutions is to set the framework, in terms of data 
interfacing, for the automated DCB mitigation solutions to have the capability to use as input 
AUs priorities when available. 

• The developed model has used a novel formalism for trajectory prediction and developed an 
ad-hoc methodology to answer trajectory-prediction problems targeted in the ISOBAR 
context: to capture AUs preferences in trajectory and provide alternatives trajectories. For that 
purpose, the model has derived Natural-Language-Processing (NLP) techniques for route (2D) 
prediction, by considering the route as a sequence of Way Points (WP). Each WP identifier (WP 
ID) has been considered as a word, attached to a geographical location, and the route a 
sentence of words. Therefore, the route prediction problem has been expressed as a 
sequence-to-sequence word prediction formalism. Detailed description of the method is 
included in D3.1. 

• Capacity Decay Prediction. The work has focussed on developing a machine learning models 
to predict capacity and hotspot detection in the European ATM network taking into account 
weather information. This research is a first step towards the implementation of artificial 
intelligence to enhance the ATFM network. D3.2 Availability Note details the development 
process and the technical aspects of the delivered machine learning libraries.  

These two threads are used to describe the subsequent related sections describing main results, 
conclusions and lessons learned.  

2.3.5 Automated DCB Solver Suite 

The work on DCB solvers has been focussed on delivering artificial-intelligence-based solvers that 
compute for a given airspace (typically a country-wide airspace, such as France or Spain) and a given 
time horizon of interest (spanning for several hours, up to a whole day) demand-capacity-balancing 
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(DCB) measures capable of mitigating DCB hotspots. In this sense, two solvers have been developed 
based on two different artificial-intelligence paradigms: 

• Multi-Agent Reinforcement Learning (MARL) method for demand and capacity balancing 
problems; 

• Simulated-Annealing-based Hyper-Heuristic method.  

For each solver, D4.1 provides details on the underlying algorithm, input and output formats and run 
instructions. 

In addition to this, and as support of the operational evaluation, 4 additional (non-AI) solvers have 
been developed: 

• Greedy regulations. The greedy regulations solver works by iteratively creating new 
regulations (or extending existing ones) in order to solve demand-capacity imbalances. This 
solver starts by assuming a clean scenario without regulations. At each iteration, the solver 
detects imbalances by monitoring windows of 20 and 60 minutes, considering the effect of 
existing ATFM regulations (from previous iterations). Then, a new regulation is defined in every 
window (20 or 60 minutes) with overloads, with a rate equal to the declared (or reduced) 
capacity. These regulations are appended to the existing ones, and the solver moves to the 
next iteration. The solver terminates when either all demand-capacity imbalances are resolved 
or the situation cannot be improved by implementing additional regulations. It should be 
noted that this solver only proposes regulations, not cherry-picking measures.  

• Cherry-picking. The cherry-picking solver eliminates demand-capacity imbalances with Mixed-
integer programming (MIP) optimisation algorithms. It communicates with cutting-edge 
optimisation solvers such as CBC, GUROBI, and GLPK to solve this complex problem in a short 
amount of time. The current solver monitors windows of 20 minutes and assigns (optimal) 
cherry-picking delays to individual flights. It should be noted that this solver only proposes 
cherry-picking measures, not regulations. 

• Optimised regulations. The optimised regulations solver starts from the solution of the greedy 
regulations solver, and then attempts to remove regulations that are not necessary and/or to 
propose new ones. The optimisation follows the ruin-and-recreate principle (also known as 
destroy-and-repair). At each iteration, the solver ruins the current complete solution to 
improve the objective function, and then recreates the resulting partial solution to recover 
feasibility. In the current implementation, the ruin routine selects a subset of regulations to 
be removed based on some heuristics (e.g., the least effective regulations or the regulations 
generating more delay in the network), while the recreate routine acts greedily to resolve the 
overloads. The ruin-and-recreate process is repeated a pre-determined number of iterations. 
It should be noted that this solver only proposes regulations, not cherry-picking measures. 

• Hybrid. This hybrid solver combines the optimised regulations and the cherry-picking solvers. 
First, the optimised regulations solver is executed as described above. Instead of attempting 
to solve all demand-capacity imbalances. However, some residuals are allowed during the 
recreate step. By default, 5% of overloads are allowed in 60 minutes windows, and 15% in 20 
minutes windows. These figures were provided by domain experts. Consequently, the solution 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 18 
 

  

 

of the optimised regulations solver is not overload-free, but it does solve major demand-
capacity balance problems. Thereafter, residual overloads are solved by applying optimal 
cherry-picking delays to not regulated flights using MIP. Flights already subject to regulations 
keep the delay assigned by their respective regulations. This solver may provide both 
regulations as well as cherry-picking measures as a result of the optimisation process. 

2.3.6 ISOBAR Solution Prototype and Evaluation 

The validation of ISOBAR concept and technical developments has been addressed through validation 
tasks, organised around four activities and two exercises: 

• ACT01: Activity to assess the performance of a Machine Learning model providing probabilistic 
convective weather information.  

• ACT02: Activity to assess the performance of a Machine Learning model providing weather-
related capacity reduction and imbalance prediction.  

• ACT03: Activity to assess the performance of a Machine Learning model providing mitigation 
plans, focussed on the two main research streams: one focused on optimization-oriented 
methods; another seeking to build a solver based mainly on reinforcement learning.  

• ACT04: Activity to assess the performance of a Machine Learning model providing AU Preferred 
Trajectory alternatives.  

• EXE01: Validation Exercise to assess the operational acceptability of ISOBAR Collaborative 
Framework. The exercise covers the use case of detection and resolution of a Netspot in pre-
tactical phase (D-1) and re-assessed in the tactical phase (D-0). The objective is to validate the 
human (Network Manager Operations Centre (NMOC)/FMP) interactions with AI components to 
manage convective weather situations.  

• EXE02: Fast-Time Validation Exercise to assess the performance benefits of the global solution. 
Qualitative and quantitative analysis is done to study the performance improvements expected 
in the areas of Capacity and Operational efficiency (Predictability and Punctuality). The ISOBAR 
prototype is run to produce a collaborative NOP and simulate via Fast-Time Simulation the 
implementation of the proposed mitigation measures from the playbook. 

This section and subsequent related ones (sections 2.4.6, 4.1.6, 4.2.6 and 4.3.6) focus on the last two 
exercises addressing the operational (EXE01) and performance (EXE02) evaluation of the whole 
ISOBAR solutions. On the other hand, key results, conclusions and lessons learned related to ACT01 to 
04 are described in the sections corresponding to the models tested: 

- ACT01 information embedded in sections 2.4.2, 4.1.2, 4.2.2 and 4.3.2; 

- ACT02 and ACT04 information embedded in sections 2.4.4, 4.1.4, 4.2.4 and 4.3.4, respectively 
under subsections “Capacity Decay Prediction” and “AUs Alternative Trajectories Demand 
Characterisation”; 

- ACT03 information embedded in sections 2.4.5, 4.1.5, 4.2.5 and 4.3.5. 
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This arrangement of information in the present Final Project Results Report has been subject more 
digestible since it is focussed on technical threads rather than the specific structure of work packages 
within ISOBAR. Detailed information of all validation activities can be found in D6.1 and D6.2 
deliverables.  

2.4 Key Project Results 

2.4.1 Enhanced ATFCM process 

As introduced in section 2.3.1, the enhanced ATFCM process proposed by ISOBAR has been described 
in the form of a SESAR OSED. The resulting description can be consulted in deliverables D1.2 
(intermediate and final OSED).  

The key results related to the enhancement of the ATFCM are the following:  

• Development of the Gate concept. The Gate aims at capturing flows in order to manage flow 
monitoring and flow regulation. The Gate is a perpendicular surface made of a geographical 
traffic volume horizontal line at a reference location, perpendicular to the flow to be captured. 
The flow passing the Gates can be defined by ADEP/ADES and range of levels, and sub-flows 
can be excluded, included or exempted. The possibility to specify directional or bi-directional 
flows within the Gate allows the FMP/NMOC to capture a large number of flights that may 
affect the selection location and that will pass through the Gate. This mechanism seems 
promising to build a robust flow management at the network level [32]. It complements the 
traditional sector-centric monitoring approach. ISOBAR has proposed identification and design 
of a number of Gates to manage reference flows at the network level in line with the selected 
operational scenarios, establishment of the capacity thresholds and assessment of the 
performance of this mechanism. 

• Development of the Netspot concept. The identification of linked hotspots at network level 
rises the appearance of a Netspot. The geographical delineation of a potential Netspot can be 
represented by a group of Traffic Volumes and/or Flows. The Netspot concept element is 
particularly interesting when cross-border and inter-ACC-coordination is required. 

• Operational integration of new AI components and digitalisation of front-end support tools. 
The OSED has described all operational flows and outputs of the developed AI components 
from and operational point of view. It has also proposed very specific visualisation tools, 
including a synthetic convective weather map, visualisation of imbalances propagation, gates 
and Netspots. A global communication prototype has been developed to show all these 
proposed enhancements over a real Network Manager dashboard: https://isobar-
project.eu/isobar-prototype/  
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Figure 3: Snapshot of ISOBAR Global Communication Prototype (accessible online https://isobar-
project.eu/isobar-prototype/) 

• Collaborative approach to manage convective weather operations. The OSED describes how 
NMOC and FMP work together to monitor convective weather forecast and imbalances across 
the network, the network gates, the cluster of linked imbalances and the evolution of the 
regional performance targets on KPIs. The collaborative process from D-1 to D-0 is supported 
by a formalized timeline.  

 

Figure 4: Timeline supporting enhanced ATFCM Collaborative Process 

The OSED has described both the general principles for collaboration as well as detailed 
procedures, roles and responsibilities for detection and resolution of imbalances.  
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2.4.2 Probabilistic Convection Input to ATFCM  

The ISOBAR MetEngine for the three AI modules (AROME, γSREPS and ECMWF, as introduced in section 
2.3.2) has been able to provide realistic and acceptable results. The three modules are based on LSTM 
recurrent Neural Networks, where the NWP models (AROME, γSREPS and ECMWF) act as input to the 
network and RDTs (Rapidly Developing Thunderstorm) product is used as target function. Probabilistic 
scores have been also used to evaluate the quality of the forecast of the three modules of the 
MetEngine.  

According to the verification results on Receiver Operating Characteristic (ROC) curves and likelihood, 
the γSREPS model seems to present a better (more accurate) response across the 12 binary targets 
selected. These 12 targets have been Severity - Not Defined, Severity – Low, Severity – Moderate, 
Severity – High, Severity - Very High, Altitude – 275, Altitude – 250, Altitude – 225, Altitude – 200, 
Altitude – 175, Overshoots and Lightning.  

 

Figure 5: Respective (left to right) ROC curves for AROME, γSREPS and ECMWF models for the 12 binary 
targets and (for ECMWF) for the entire test data set 

Still, it is essential to mention that the three models do not have the exact same number of samples 
for training. Yet, the number of storms is not the same because all three models are focused on 
different geographical regions, and NWPs do not have the same list of parameters [33]. 

An AROME convection indicator prediction has also been created as a benchmark and is an example 
of a single model approach based on an object-based approach. This probability of total and moderate 
convection occurrence is generated from hourly forecasts of AROME-EPS and provides the total and 
moderate risk of convection over western Europe covering a forecast range form 1-hour to 45-houts 
lead time and having the exact spatial resolution (2.5 km) as AROME-EPS and γSREPS. Risk is defined 
as a probability value at a given grid point, noting that it is not associated with a given flight level but 
with the whole vertical section at a given point. Scores exhibits some skilful properties of the product, 
notably a large area under the ROC curve. A lack of sharpness has also been observed from forecast 
frequency histograms, and many false alarms have been observed for the total convective risk product. 
This configuration was preferred over others that showed fewer false alarms since the selection 
prioritises the number of true detections. 
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Figure 6: Snapshots of some test sets for convection prediction 

Another remarkable result is the creation of the ISOBAR MetEngine dashboards. This set of web-based 
dashboards enables any final user getting access using a web browser through a specific URL for each 
model and manage all the available MetEngine output products for a selection of pre-designated dates. 
As mentioned, each model has its own Dashboard server and access to them can be made directly by 
means of the following URLs: 

• AROME: https://meteoforecast.uc3m.es/dashboards/ISOBAR_AROME/  

• γSREPS: https://meteoforecast.uc3m.es/dashboards/ISOBAR_GSREPS/ 

• ECMWF: https://meteoforecast.uc3m.es/dashboards/ISOBAR_ECMWF/ 

 

Figure 7: Set of ISOBAR MetEngine Dashboards available online 
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2.4.3 Data integration and architecture 

Figure 3 shows the relationships between the data integration work performed and the rest of 
technical work packages (with reference to work packages and tasks as per [15]: 

• Requirements for the ATM and weather data to be used along the enhanced ATFCM process 
integrating ISOBAR solution have been defined within WP1, including their geographical and 
temporal granularities. 

• WP2 data has been managed in line with the 3 component tasks oriented to the development of 
the AI Meteo Engine: 

o T2.1 for the post processing of the outcomes of the three state-of-the-art Numerical Weather 
Products used as input in the project, which are AEMET’s Gamma SREPS, Meteo France’s 
Harmonie AROME and ECMWF’s model.  

o T2.2 for the production of Convective Indicators from the parameters provided by T2.1 (NWP 
parameters selected as predictors for convection). These Cis have been further adapted to 
required geographical and temporal granularities in line with ATFCM requirements. 

o T2.3 for the development of the AI Meteo Engine, providing as outputs both data forecasts 
for convective events and visual outcomes compatible with ATFCM (both NM and FMP) 
requirements. 

• Both ATM (airspace and traffic) and meteo data (from WP2) have been adapted to WP3 
requirements for the development of the components AI Hotspot Detection, including the 
capacity decay ML, and the AI AU Preferences. 

• Again, both ATM and meteo data have been adapted as needed as inputs to WP4 for the 
development of the AI Hotspots Solver.  

• Finally, the data integration task has produced datasets for WP6 to support the evaluation for all 
individual components as well as for the integrated prototype. In terms of components, datasets 
needed have been similar to those used for the development and training of each one of them. 
In addition, WP6 global performance evaluation has required of specific traffic and airspace data 
adapted to the fast time simulation tool used. 

Data ETL has also served the integration of the new proposed services into a local or a NM platform by 
processing inputs and providing early architecture analysis. The results have crystallised in a set of 
diagrams depicting the operational dataflows between the ISOBAR solution components that would 
form the target operational architecture (see also section 5.3). Diagrams are developed using 
diagrams.net, a free online diagram software and they can be consulted online at: 

https://drive.google.com/file/d/1Rr42Uojeup8mIFKKkEw8Aa7wwG2sCEMS/view?usp=sharing  

Results from data integration have also supported:  
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• T5.2 for the development of the HMI demonstrator or communication prototype (see section 
2.4.1), a design of the front-end of the integrated ISOBAR Solution following the ATFCM user 
requirements from WP1 and representing the functionalities of the integrated components.  

• T5.3 for the incorporation of all AI components in an integrated prototype, conceived for the 
interaction with Network Manager simulation tools (see section 2.4.6).  

 

Figure 8: Data Integration and Distribution Flows 

To support data management, ISOBAR has set a cloud storage as a repository and data exchange site 
available for the Project partners. The tool used for the creation has been ownCloud, a self-hosted file 
synchronisation and sharing solution. It is possible to connect to the repository as a network folder for 
main operating systems (Linux, MacOS and Windows). 

The Cloud is hosted in the domain https://cloud.crida.es/  
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Figure 9: Access to CRIDA Cloud 

2.4.4 Demand and Capacity Prediction  

AUs Alternative Trajectories Demand Characterisation 

AU preference has been adopted through two following factors: Aircraft Type and Aircraft Operator, 
since for each strategical flight optimization both are used during the flight plan filling process ([37] 
and [38]). Of course, many other factors are liable to impact the trajectory filed (and finally flown); but 
the main objective has been to capture an AU preference “trend” through the filed flight plan if this 
one exists. 

The developed AI module has been able to provide trajectory predictions expressed as a sequence of 
(WP, ETO, FL). It has been divided in two cascaded sub-model operating in a sequential prediction 
manner. 

The predictions have been obtained for triplets (city-par, aircraft type and aircraft operator) 
historically filed, but also potentially new ones (as soon as they are encoded in the model perimeter). 
Such capability has been also extended to low historically populated triplets, for which, alternatives 
can be nevertheless provided. 

The formalism adopted has provided pretty good results in terms of lateral prediction (route prediction 
as a classification problem). Concerning the vertical profile prediction, the results are more complex 
to evaluate since: 

• More variability is stated onto the vertical profiles used in history (even considered at a triplet 
(city-pair, AC type, AC operator) level), than the one observed for the lateral path prediction. 

• The problem is addressed in a regression formalism onto two “linked” dimensions (time & 
altitude), and therefore more complex to consistently be captured. 

• Moreover, there are much more degrees of freedom in those two axes than the route/lateral 
path problem that is formalised as a classification problem. 

The results have shown convergence for the 2D problem, as depicted in Figure 10 below.  
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Figure 10: Route sequence prediction vs history (74 flight plans): (EDDK_LEPA, B738, EWG) 

Capacity Decay Prediction 

The reductions predictions are reported to be realistic when using the artificial intelligence-based 
model for estimating the drop in capacity due to weather. The capacity estimation model results have 
showed a high degree of correlation between the actual and predicted values of entry counts, used as 
reference.  

In completing the task of capacity characterization three approaches were considered. Each approach 
considered, provided a different frame of reference to analyse the problem. 

• In the first approach the problem was defined using gates, where a set of gates were defined 
over the European airspace, and capacity was defined as the volume of traffic crossing a gate.  

• In the second approach, the problem was defined using a traffic flow approach [34], where 
the flight trajectories were used to reconstruct an image of the traffic patterns over a region.  

• Finally, in the last approach the problem was analysed using sectors. 

Over these three approaches, the first one was discarded due to the lack of clarity in the data. The 
second one was also discarded given the difficulty in properly defining nominal capacity and the target 
function in the problem. Consequently, the efforts were focused on the sector approach. In this 
approach, the problem was formulated as a supervised learning regression problem. Over 2 months of 
historical traffic and weather data were processed and used to fit a random forest and a neural 
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network model. While both models showed similar performance, the neural network model showed 
the best performance. 

 

Figure 11: Three approaches explored in capacity decay prediction 

The task explored several ML architectures (RF, MLP, CNN) and performed the analysis of many GBs of 
data including weather observations, weather forecasts, sector geometries, flight trajectories, 
regulations. 

Focussing on the generic sector Entry Count prediction, a Neural Network Model to predict entry count 
for sectors in Spain and France, the Entry count prediction for over 350 sector/sector configurations 
has shown high correlation with sector entry count. The target has been the capacity reduction (in %) 
of hypothetical regulation due to weather (regression). The features for prediction, by traffic volume 
v and time t, have been: 

• Nominal capacity at t; 

• Total volume (m3) of airspace sector associated with v; 

• Volume intersection (m3) with convective weather risk indicators at t-1h, t and t+1h. 

And the data, represented in Figure 12: 

• Convective weather risk indicators (from MetEngine neural network); 

• Sector geometries; 
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• ATFM regulations due to weather; 

• Nominal capacities. 

 

Figure 12: Input data representation for gradient-boosted decision trees for capacity decay estimation 

Results for the capacity decay prediction (both for statistical and gradient boosted decision trees – lgb 
models) are shown below in comparison to “capa”: a dummy model that assumes that the rate will be 
identical to the nominal capacity. This result represents aggregated performance metrics of 4960 
examples (weather occurrences) from August 2019. They represent the MSE (Mean Squared Error), 
MAE (Mean Absolute Error) and MSLE (Mean Squared Log Error) of each model as compared to the 
real capacity reduction (weather regulations).  
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Figure 13: Capacity decay model prediction results compared to dummy model 

Regarding the hotspots detection module, Figure 14 includes the summary of the results for each of 
the trained models. A machine learning model capable of learning from historical data has been 
implemented. Among the different types of machine learning models, CNN models are well known to 
work well when the spatial relationship is an important characteristic to be learnt in the problem. Since 
the objective of the problem is to predict the location of regulation hotspots, an image-oriented 
approach has been chosen. Such model has received the traffic demand, based on the current tactical 
flight, and a storm severity colour-map based on the weather observations as inputs providing as 
output a regulation traffic colour-map indicating those areas where a weather regulation due to storm 
activity is likely to be issued. 
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Figure 14: Hotspot Detection Model Runs Summary 

Analysing the model convergence and determining the best point to halt the training process is 
cumbersome and difficult to automatize. For that reason, each model training has been treated 
independently running it up to an epoch in which the validation loss has already been stabilised or 
starts increasing and then selecting the best model version comparing the validation and training loss 
behaviour. 

2.4.5 Automated DCB Solver Suite  

 

The AI solvers approach have crystallised in the following developments: 

• MARL_based DCB method with flight selector (MARL_FS) [35] – The flight selector selects the 
most suitable flights for delays and the agent then allocates delay times to these flights (i.e., 
global-based iteration framework with shared policy); 

• MARL_based DCB method with action supervisor (MARL_AS) [36] – The action supervisor forces 
cancellation of delayed allocations that would cause overloads (i.e., time-window based iteration 
framework with shared policy); 

• MARL_based DCB method with customised neural network (MARL_CN) – Each flight is allocated 
with delays by a specific agent (i.e., time-window based iteration framework with unshared 
policy); 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 31 
 

  

 

• Simulated-Annealing-based Hyper-Heuristic [39] – Various neighbourhood operators, based on 
selecting flights by roulette wheel, with weights proportional to flight overload factor. Objective 
function is the weighted sum of total delay and of total overload. 

The main outcome from the AI Solvers evaluation has been that the two produced mitigation measures 
including delay and re-routing, of better quality than conventional CASA1, in a reasonable computing 
time. Also, the delay has resulted in a fairer distribution across AUs.  

 

 

Figure 15: Average delay of AI DCB solvers in comparison to CASA 

When computation time is limited, both DCB hotspot solvers, either based on optimization or on 
machine learning, compute DCB measures (delay at departure and/or alternative route selection per 
flight) that are able to mitigate some or all hotspots in the region and time horizon of interest. The 
observed computing times to solve all hotspots range from 4 – 9 minutes for Hype Heuristic (HH) 
solver, and from 3 – 4 minutes for MARL solver. Bearing in mind that the acceptable computing time 
expressed by EUROCONTROL is up to 20 minutes, the observed computing times are suitable for 
FMP/NM use. 

Compared with CASA algorithm, HH and MARL solvers modify 50-70% fewer flights, and prescribe 40–
70% less total delay. Also, HH solver reduces average delay per flight by up to 27% compared with 
CASA. HH solver shows a fairer distribution of average delay per AU than CASA, which fosters more 
AUs satisfaction. MARL solver reduces average delay per flight by up to 54% compared with CASA. 

 

1 The Computer-Assisted Slot Allocation algorithm used currently to calculate regulations.  
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However, CASA solver shows a more balanced distribution of average delay per AU than MARL, 
because MARL solver has no constraints of maximum delay. 

 

The main outcomes from the non-AI solvers evaluation is that the analysis of performance of the full 
automated aid-tool solvers (optimized CASA, full Cherry-Picking, Hybrid) and what-if is very welcomed 
by NM/FMPs (see also next section 2.4.6). The FMP/NM are able to easily manage the aid-tools solvers 
and to make comparisons to assess the result performance using what-if of the different solvers.  

 

Figure 16: Illustrative example using ICO-optimised opening schemes in conjunction with the non-AI DCB 
solver (ATFM solver in the picture) 

All solvers demonstrated a good stability (maximum +30% delay D-1/D0). The Hybrid+ solver provided 
the best stability. The aid-tool solvers provided efficient solutions at the network level with a range of 
delay reduction depending on the solvers:  

- Cherry-Picking (-75%),  

- Hybrid+ (-49%),  

- Hybrid (-33%),  

- Optimized Regulation (-16%).  

The Cherry-Picking solver has been very well appreciated for the impressive delay performance 
(reducing delay by 75%) and the overload resolution. Nevertheless, for the cherry-picking it has not 
been considered the manual ATFCM restrictions. E.g.: the maximum delay allowed per flight is 20 
minutes, whereas currently in the solver the maximum is set at 90 minutes. This shall be something 
that can be customised in the solver (see section 4.3.5). In terms of results, the delay picture was that 
the cherry-picking is limited by code to 90 minutes and the regulations solver is providing average 
delay around 30 minutes and maximum delay of 130 minutes. 
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2.4.6 ISOBAR Solution Prototype and Evaluation 

The development of the ISOBAR solution prototype has served mainly the performance evaluation of 
the solution. For the operational evaluation, only more mature modules have been connected to the 
simulation platform used. Therefore, the prototype has resulted in two operating modes: 

• A dynamic operating mode dedicated to collaboration assessment. 

The dynamic operation mode allows to validate human interactions with AI components to 
manage convective weather situations. The mode is operated to carry out the validation 
exercise EXE012 to assess the operational acceptability of the ISOBAR Collaborative 
Framework. For the interaction with human in the loop, PLANTA has been used as central point 
with plugged in Network Manager simulation tools. PLANTA has allowed to simulate measures 
for tactical and pre-tactical operations, visualize the impact of measures, and compare and 
analyse the different solutions. In the prototype: 

- PLANTA and the ISOBAR software modules have been executed in a cooperative mode; 

- The input data needed by PLANTA, storm forecast, weather capacity reduction, have been 
locally stored to speed up processing times; 

- PLANTA has been linked to INNOVE throughout Business-to-Business (B2B) NM services. 

 

Figure 17: Dynamic model for ISOBAR solution prototype 

• A standalone operating mode enabling performance demonstration based on massive data 
manipulation. 

The standalone operating mode enables a qualitative and a quantitative analysis of the IA 
components contributing to the ISOBAR solution. This mode is especially operated on one 
hand, to fulfil the performance assessment of the Machine Learning models, i.e., activities 

 

2 Human-In-The-Loop Validation Exercise to assess the ISOBAR Collaborative Framework 
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ACT01 to ACT043 . on the other hand, it allows to carry out the validation exercise EXE024 to 
assess the global performance of the ISOBAR solution. 

 

Figure 18: Standalone model for ISOBAR solution prototype 

Details of both integration works can be found in [10].  

Operational Evaluation  

The operational evaluation was conducted with the participation of: 

• ANSPs: DSNA, CRIDA/ENAIRE and their respective FMPs. 

• EUROCONTROL and their respective NMOC. 

 

3 Activities to assess the performance of a Machine Learning models providing: probabilistic convective weather 
information (ACT01), weather capacity reduction and imbalance prediction (ACT02), mitigation plans (ACT03), 
and AU Preferred Trajectory alternatives (ACT04). 

4 Fast-Time Validation Exercise to assess the global operational performance 
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Figure 19: Barcelona ACC – ENAIRE FMP position during operational evaluation 

The exercise covered the following use case (UC) defined in the ISOBAR OSED [2]: 

• UC1: Detection and Resolution of a Netspot in Pre-Tactical Phase (D-1) and re-assessed in the 
Tactical Phase (D-0). 

Details of the scenarios tested and data used are in [12], as well as detail description of the results 
collected and the analysis performed. The main results obtained, in context of the objectives set, were: 

• Objective - Reinforce the Collaborative Process among actors. The NM pivotal role to propose a 
global optimized solution was validated. Also, the collaborative framework, with clear assignment 
of roles, tasks and responsibilities was agreed. However, a simplified process was proposed, which 
has been reflected in the final OSED (D1.2).  

 

Figure 20: Example of questionnaire results supporting operational evaluation 

• Objective - Integrate convective weather information in the FMP/NM working environment. 
The standardized risk matrix (severity/probability) has been proven to provide a digestible and 
understandable information to FMP/NM, supporting a good understanding of the convective 
weather situations and imbalance propagation at the network level. The various models (GSREPS, 
AROME, ECMWF) provide a relevant and precise convective prediction. 

The FMP participating in the evaluation highlighted also that the option of using a multi-model 
convection prediction could be explored in seek of higher accuracy of prediction.  
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• Decision-making process to start from pre-tactical phase to provide a better anticipation 
management. The tested workflow from pre-tactical D-1 to tactical D0 has supported the 
collaborative process to better manage in an anticipated manner the weather-related problems 
and solutions. It has been demonstrated a very good stability D-1/D0 for the convective 
prediction, for the capacity reduction prediction and for the proposed solver solutions. This paves 
the way to anticipate ATFCM actions on D-1. 

• Characterise the cross-border DCB impact of convective weather phenomena. The capacity 
reduction prediction has been judged very accurate. It has been easy to identify the cross-border 
events and propagation of imbalances, to understand and to adjust the weather capacity 
reduction and DCB impacts. In addition, the Netspot has been appraised as a right object to 
manipulate cross-border problems. 

• Identify predefined weather scenario (Playbook). This objective has not been addressed due to 
the prototype constraint avoiding supporting rerouting weather scenario.  

• Enrich the decision-making using an aid-tool Hotspot Solver. The FMP/NM have been able to 
manage the aid-tools solvers, to assess the DCB impact using the presented what-if tool (network 
performance assessment) and to compare the proposed weather scenario alternatives. The aid-
tool solvers provide efficient solutions (up to 75% delay reduction) at the network level and 
reduce the FMP/NM workload. FMP/NM reported that they can manage easily the DCB Solver 
Suite and what-if network impact assessment.  

 

Figure 21: Snapshot of HMI presented to operational users during evaluation 

The operational evaluation has been served by the same data sets than the validations of the individual 
components plus the ones needed to allow the operational evaluation in the real time simulations, 
namely the visual outcome of the Meteo Engine. Besides, it has required the adaptation of certain data 
flows to allow the smooth interaction with the NM real time simulator. 

Overall, during simulations, all organisations reported realistic behaviour and logical solutions. The 
proposed solution is a step forward a better delay attribution which must be tackled in a different way 
than it is currently done. The problem and solution to Netspots are not local but global, requiring a 
change of point of view with regards to current operations, since nowadays even the NM do not have 
the global picture, but a collection of FMPs individual pictures. 

Performance Evaluation  

For the execution of the Fast Time Simulation (FTS) for performance evaluation, three days were 
simulated in the most representative ACCs in terms of convective meteorological phenomena, 
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presenting large number of storms in all of them. Details of the traffic data and scenarios used are in 
[12]: 

• The reference scenario provided a baseline of the effectiveness of the current mitigation 
measures applied nowadays in a situation of convective weather. 

• The objective of the solution scenario was to measure the performance of the ISOBAR solution 
and in particular, the effectiveness of the proposed mitigation measures related to convective 
weather. To achieve this goal, it was necessary to execute a second simulation in Reorganized 
ATC Mathematical Simulator (RAMS) Plus but in this case considering the NOP mitigation 
measures proposed by the ISOBAR solution. 

The performance evaluation has addressed four KPAs: 

• For Capacity, analysing the results of the share of regulated hours, from an overall perspective, 
there were no important differences between the results of reference scenario and solution 
scenario (implementing the ISOBAR solution). The percentage of overload (OVD) timeframes 
and the severity of OVD were similar, when the percentage of OVD of solution scenario was 
higher than in reference scenario, the severity was lower in most cases, and vice versa. Thus, 
at the end the regulated hours were maintained at same level. 

• The Predictability metric was slightly higher in solution since the average deviation with 
respect the planned trajectories was higher in solution scenario. This means that in average 
the flights in solution tended to deviate up to 0.3 min/flight more than reference. For all 
scenarios, solution has more delayed flights and consequently causing more airborne holding, 
flight duration and worse arrival punctuality. However, the differences were quite small. As 
summary, the punctuality and predictability were maintained at similar levels or slightly worse 
due to the increment of the flight duration caused by the re-routings applied at planning phase 
and storm avoidance manoeuvres.  

• Regarding Environmental metrics, the reduction of average flight distance and duration was 
slightly negative, which means that the flight time/distance in solution was a bit higher. This 
caused the longer the distance and the flight time, the more fuel burn and the CO2 emissions 
will be. But the difference was nearly zero.  

• Finally, in terms of Safety, the number of conflicts was higher in solution scenario due to higher 
demand of certain sectors in solution scenario. In specific sectors, a clear reduction in conflicts 
could be also appreciated. 

A final result to be highlighted is the characterisation of the Impact and effectiveness of regulations. 
The ATFCM Performance Framework identified in ISOBAR D6.1 (VALP) [11] established three areas for 
the performance assessment of a Ground Delay programme (i.e. regulations). These areas were 
Impact, Compliance and Effectiveness. D6.2 [12] deepened in a characterisation of the Impact and 
effectiveness (including compliance) for a given area of the Spanish airspace, using historical data to 
set the baseline of the validation process. The aim of the study was to characterise the effectiveness 
of the current ATFM regulations (delays) in terms of impact to the flights, network effect and 
compliance of the regulations implemented.  
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2.5 Technical Deliverables  

Reference Title Delivery 
Date5 

Dissemination 
Level6 

Description 

D1.1 ISOBAR operational framework 

This deliverable describes the detailed operational 
environment and operating methods of the new concept 
of ISOBAR. 

12/02/2021 PU  

D1.2 Enhanced ATFCM Process and Service Requirements 

This deliverable describes the updates around detailed 
operational environment and operating methods, the list 
of operational requirements and the detailed B2B service 
and associated requirements of the new concept of 
ISOBAR. 

22/04/2021 PU  

D2.1 Multi-model probability of convection on a set of use 
cases 

This deliverable describes the weather data used and 
elaborates on the LSTM recurrent Neural Network and 
existing methods to verify the quality of the results. It also 
describes the results of the MetEngine for the three NWP 
developed. 

13/06/2022 PU  

D2.2 Storm predictive model 

This deliverable describes the ISOBAR’s MetEngine 
dashboard, developed to showcase the results obtained 
for the three MetEngine models. 

26/05/2022 PU  

D3.1 ML demand prediction model 

This deliverable describes the trajectory prediction model 
capturing AUs preferences and providing alternative 
trajectories. 

29/10/2021 PU  

D3.2 Hotspot detection library, based on demand and capacity 
characterisation 

This deliverable corresponds to the machine learning 
models developed to predict capacity and hotspot 
detection considering weather information. 

13/12/2021 PU  

D4.1 Enhanced DCB algorithm with reinforcement learning 04/11/2021 PU  

 

5 Delivery data of latest edition 

6 Public or Confidential 
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Reference Title Delivery 
Date5 

Dissemination 
Level6 

Description 

This deliverable is the availability note for ENAC solver 
(based on hyper-heuristics) and CU solver (based on 
reinforcement learning). 

D5.1 ISOBAR Training and Testing Datasets 

It provides description of data integration over different 
kind of elements and of how is organised the data 
input/output hub throughout the project work packages. 
The deliverable is composed of two documents: 1st 
iteration contains the initial datasets used internally in the 
project for training the models; 2nd iteration is the 
Availability Note for the final datasets used in the project 
for testing the various Machine Learning models. 

15/03/2022 CO  

D5.2 ISOBAR prototype and HMI showcase 

This deliverable is the availability note for the design and 
the development of an HMI showcase for ISOBAR concept 
clarification and dissemination. It also encompasses the 
description of the architecture of the ISOBAR services able 
to support evaluation tasks. 

17/06/2022 PU  

D6.1 Applicable PF and evaluation reference 

This deliverable provides the first version of the 
Experimental Plan and the Performance Framework for 
ISOBAR project, which serves as baseline for the 
characterisation of current reference and for the 
identification of the indicators best suited for the 
evaluation of the expected benefits of ISOBAR Solution. 

30/07/2021 PU  

D6.2 Report on ISOBAR Evaluation and roadmap for ISOBAR 
B2B service 

This deliverable provides the final validation results of 
ISOBAR project., corresponding to the predefined 
validation activities and exercises to evaluate the 
feasibility and benefits of the concept, the diverse 
supporting modules and the ISOBAR overall solution. 

05/08/2022 PU  

D8.3 Data Management Plan 

This document defines Data Management Plan for 
ISOBAR. The plan gathers the data collection and 
management objectives and the data management plan. 
In this sense, the document includes provisions for making 
the data FAIR (Findable, Accessible, Interoperable and Re-
usable).  

25/01/2022 CO  

Table 1: Project Deliverables 
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3 Links to SESAR Programme 

3.1 Contribution to the ATM Master Plan 

Being ISOBAR an Exploratory Research projects, it has worked on concepts and innovative ideas/ 
technologies not linked to SESAR existing solutions, OIs and enablers. As a result of the work 
performed, ISOBAR proposes the definition of the ISOBAR Solution, that also encompasses two 
operational improvements (OI) and four technical enablers (EN).  

The ISOBAR Solution consists on the integration of accurate and probabilistic convective weather 
forecasts in the Air Traffic Flow and Capacity Management (ATFCM) process. These weather forecasts 
are an input to the demand and capacity prediction, so that imbalances between capacity and demand 
can be better anticipated and more adequate mitigation measures can be prescribed to ensure safety 
and maximise efficiency and capacity. The solution builds on an enhanced ATFCM process highly 
automated, exploiting AI to select mitigation measures at local and network level in a collaborative 
ATFCM operations paradigm. 

The proposed solution would address two OIs: 

• OI-ISO-1 “Probabilistic convection forecast tailored to ATFCM needs”. This operational 
improvement refers to the generation and provision of highly accurate (based on post-processing 
of Numerical Weather Products and Ensemble Prediction Systems) probabilistic meteorological 
forecasts at network and local levels, customised to the required pre-tactical ATFCM geographical 
and time granularities, and operational visual representation needs. 

• OI-ISO-2 "Enhanced ATFCM in pre-tactical phase facing meteo-derived imbalances". This 
operational improvement refers to the process and related services conforming pre-tactical en-
route ATFCM performed by local (ACC level) flow managers and by the Network Manager at 
European level for solving critical demand and capacity imbalance situations (cross-border 
scenarios) linked to convective weather events. The enhanced ATFCM uses high automation 
support and Machine Learning modules.  

Also, the ISOBAR Solution builds on four technical enablers, which are automation modules in support 
of the operational concept: 

- EN-ISO-1 “MetEngine”. Tool based on the use of Artificial Intelligence along with NWPs (Numerical 
Weather Predictions) to improve the accuracy of thunderstorm prediction and produce 
probabilistic meteorological forecasts at network and local levels, customised to the requirements 
of pre-tactical ATFCM. 

- EN-ISO-2 “AU’s alternative trajectories”. Machine Learning module able to create alternative 
flight plans based on historical data and able to learn from AU’s feedback.  

- EN-ISO-3 “Capacity decay predictor”. Machine learning model predicting capacity decays in the 
European ATM network linked to adverse weather forecasts. 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 41 
 

  

 

- EN-ISO-4 “DCB Solvers”. Automated tool generating sets of mitigation measures solving a 
particular imbalance impacting various areas of the network (hotspots and netspots).  

These enablers also support OIs already defined in SESAR, in particular the ones linked to PJ07 Solution 
38:  

• AUO-0207 — Preliminary flight planning. In the flight-planning phase, the SBT management 
processes are aligned with ICAO FF-ICE increment 1 scenarios. SBT management will start with the 
provision of the Preliminary Flight Plan (PFP) by the AU triggering trajectory negotiation processes 
and ATM constraints information exchanges along the planned trajectory. Anticipated provision 
of PFPs will allow improved traffic predictions and better knowledge of AU optimum trajectories 
leading to more efficient ASM and DCB processes in pre-tactical (from D-6 to D-1) and early tactical 
planning phases. 

• AUO-0208 — Use of Simple AU Preferences in DCB Processes. As part of CDM processes, the AU 
can provide preferences information either before or after the publication of DCB constraints. This 
information can be taken into account in the DCB processes to define measures reducing the 
impact on the AU costs. Simple preferences refer more specifically to light information like flight 
delay criticality indicator that can be considered by NMF human operators and systems - either at 
regional, sub-regional or local levels - to avoid ATFCM delay (e.g. slot exemption or level 
capping/re-routing proposal to avoid an ATFCM regulation) for critical flights. 

• AUO-0219 — Use of Enriched DCB Information and Enhanced What-Ifs to Improve AU Flight 
Planning. Enriched DCB information will be available to improve AUs decision process when 
planning or re-planning trajectories. Enriched DCB information encompasses DCB 
constraints/measures information like ATFCM regulations/CTOT/STAM; and additional DCB 
information such as hotspots and congestion level indicators. Enriched DCB information is 
provided either for the trajectory planned by the AU as part of a submitted flight plan or for 
alternative trajectories considered in the context of advanced what-if. The information can be used 
in different use-cases: proactive management of fleet delays by AUs, CDM processes triggered by 
flow managers (e.g. STAM/Cherry picking measures). Enriched DCB information and advanced 
what-if functions will be accessible via SWIM services to enable full integration of flight planning 
and ATFCM information in AU systems and further automation of AU decisions related to flow 
management constraints. 

It is assumed that HMI tools currently existing or under deployment at ANSPs and NM platforms for 
ATFCM have already the potential to interface with the defined enablers. Therefore, the collaborative 
HMI has not been defined as technical enabler of the ISOBAR Solution since it is considered a technical 
support already available.  

The following table summarises V-level and TRL at the start and end of the project for each OI and 
Enabler.  

Code Name Maturity at project 
start 

Maturity at project 
end 

OI-ISO-1 Probabilistic convection forecast tailored to 
ATFCM needs 

V0 V1 
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Code Name Maturity at project 
start 

Maturity at project 
end 

OI-ISO-2 Enhanced ATFCM in pre-tactical phase facing 
meteo-derived imbalances 

V0 V1 

EN-ISO-1 MetEngine TRL1 TRL4 

EN-ISO-2 AU’s alternative trajectories - TRL2 

EN-ISO-3 Capacity decay predictor TRL1 TRL3 

EN-ISO-4 DCB Solvers TRL1 TRL4 

Table 2: Project Maturity 

3.2 Maturity Assessment 

According to SESAR framework rules in terms of maturity assessment [30], maturity criteria are 
intended to be used to measure the progress of topics under the scope of exploratory research projects 
(both fundamental and applied oriented ones) towards initial maturity levels e.g. TRL1 / TRL2.  

 

Figure 22: Gates and phases of the SESAR Solution Development Life Cycle [30] 

The SESAR maturity criteria are organized in 7 threads: 

• 5 threads cover different aspects of the maturity of a SESAR Solution: Operational, System, 
Performance, Standards & regulations and Transition.  

• Two additional threads cover aspects related to confidence on the evidence provided 
(Validation) and alignment/consistency of the SESAR Solution with the SESAR Programme 
Framework (Programme). 

In the case of ISOBAR, being an AO-ER project, applicable threads as per the SESAR Maturity 
Assessment tool on Stellar, are: operational, system, performance, transition and validation. For each 
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of them, a number of criteria shall be evaluated and answered. The results of the assessment 
performed are included in the subsections below. The maturity assessment has been performed using 
the Maturity Assessment Tool (MAT) in Stellar [31]. Results on the complete maturity assessment, 
including charts, have been exported to MS Word and later copied below. 

3.2.1 Satisfaction distribution 

The following figure represented the chart for the distribution of status of achievement (satisfaction) 
of the list of criteria applicable to AO-IR maturity gate/ assessment.  

 

Figure 23: Satisfaction of Maturity Assessment criteria for AO-IR Gate of ISOBAR 

3.2.2 Assessed global maturity and per thread 

The following two figures depict the % of satisfaction achieved in the global maturity assessment and 
per each relevant thread. 

 

Figure 24: Global Satisfaction of assessed ISOBAR maturity 
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Figure 25: % Satisfaction per Maturity thread 
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3.2.3 Maturity Assessment criteria 

The following table gathers the satisfaction and comments for each of the criteria evaluated as part of the ISOBAR AO-IR maturity assessment.  

Table 3: ER AO Research Maturity Assessment 

ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

OPS.ER.1 
Has a potential new idea or concept 
been identified that employs a new 
scientific fact/principle? 

Achieved 

Various new concepts have been identified and developed within the project: 

- An enhanced ATFM concept incorporating gates and netspots for DCB imbalance management (in 
critical situations) within a highly digitalised collaborative environment. This is linked to deliverables 
D1.1 and D1.2. 

- A storm prediction tool that is fed by outputs of weather NWP models and that is able to provide 
probabilistic weather forecasts aligned with the cross border weather initiative requirements and 
tailored to both data and visualisation needs of operational users (FMPs and NM). This is linked to 
deliverables D2.1 and D2.2. 

- A ML learning model deriving alternative trajectories for city-pairs, AUs and aircraft type building on 
historical data on flown trajectories. This is linked to D3.1. 

- A set of models estimating capacity decay of gates, traffic flows and sectors (this one based on ML) 
linked to forecasted bad weather occurrences. This is linked to D3.2. 

- Two ML models (one using Multi-Agent Reinforcement Learning techniques and another using 
Simulated-Annealing-based Hyper-Heuristic method) able to produce automatically demand 
mitigation measures to solve DCB imbalances (capacity decays). This is linked to D4.1. 

- A DCB solver able to work on user-defined border conditions to produce realistic sets of mitigation 
measures to be applied to demand to solve DCB imbalances (capacity decays). This is described in 
D6.2 and sections 2.4.5, 4.1.5, 4.2.5 and 4.3.5 of D8.2 (Final Project Results Report). 
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ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

OPS.ER.2 
Have the basic scientific principles 
underpinning the idea/concept been 
identified? 

Achieved 
All new concepts and innovative developments mentioned in previous criterion have been described 
in detail, including the scientific principles underpinning the ideas development. Information can be 
found in the same deliverables mentioned in previous criterion for each new concept/ idea. 

OPS.ER.3 
Does the analysis of the "state of the 
art" show that the new concept / 
idea / technology fills a need? 

Achieved 

All new concepts and developments described in OPS.ER.1 have fulfilled needs with regards to the 
state of the art. However, in some cases, the particular technical and operational thread followed 
has led to lessons learned that foster following a different line or changing slightly the approach in 
future research: 

- Enhanced ATFCM process. It has been found fully relevant towards operational needs.  

- Probabilistic convection input to ATFCM. It has been found fully relevant towards operational and 
technical needs.  

- AU alternative trajectories prediction. Although a great step in ML demand prediction and technical 
developments, the technical activities performed led to the production of alternatives not reviewed 
by AUs. It is important that alternatives come from AUs, or, at the least, are reviewed and accepted 
by them prior to be used as an input to DCB solvers. More details can be found in sections 2.4.4, 
4.1.4, 4.2.4, 4.3.4 and 4.4 of D8.2 (Final Project Results Report).  

- Capacity decay ML model. It has been found fully relevant towards operational and technical needs.  

- ML DCB models. Although they have been proved to be relevant towards operational and technical 
needs, the use of non-AI DCB solvers results a quite strong alternative that being less complex and 
heavy in terms of development and computation time, provides outstanding results. This does not 
preclude further R&D in ML DCB models, that given their degree of innovation and complexity may 
require further efforts but also could bring extra benefits in the future. More details can be found in 
sections 2.4.5, 4.1.5, 4.2.5 and 4.3.5 of D8.2 (Final Project Results Report).  

- Non-AI DCB model. It has been found fully relevant towards operational and technical needs. 
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ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

OPS.ER.4 

Has the new concept or technology 
been described with sufficient 
detail? Does it describe a potentially 
useful new capability for the ATM 
system? 

Achieved 

New concepts and technologies mentioned in criterion OPS.ER.1 have been thoroughly described in 
the already mentioned deliverables for each of them. All can be considered as useful new capabilities 
for the ATM system (in particular for pre-tactical collaborative ATFM and management of critical 
weather events), with the particularities mentioned in criterion OPS.ER.3. 

OPS.ER.5 
Are the relevant stakeholders and 
their expectations identified? 

Achieved 

All relevant stakeholders have taken part in the project. In the case of meteo agencies, ANSPs (FMPs) 
and NM, they have participated in the production and review of deliverables (to be highlighted D1.1, 
D1.2 and D6.2 in terms of incorporation of stakeholders views and requirements) and in the 
operational evaluation of the ISOBAR solution (see D6.2 and sections 2.4.6, 4.1.6, 4.2.6 and 4.3.6 of 
D8.2). AUs have also taken part in the project and provide inputs and reviewed all deliverables. To 
summarise their views on DCB and highlight their needs for future research, a specific section is 
included in D8.2: section 4.4. 

OPS.ER.6 

Are there potential (sub)operating 
environments identified where, if 
deployed, the concept would bring 
performance benefits? 

Achieved 

The research developed in ISOBAR is especially relevant for pre-tactical ATFCM performed by local 
(ACC level) flow managers and by the Network Manager at European level. It encompasses en-route 
operations but the concepts and methodologies proposed could be extended for application in 
TMAs. 

PER.ER.1 

Has a feasibility study been 
performed to confirm the potential 
feasibility and usefulness of the new 
concept / idea / Technology being 
identified? 

Achieved 

The validation of ISOBAR concept and technical developments has been addressed through 
validation tasks, organised around four activities (addressing Probabilistic convection input to 
ATFCM, AU alternative trajectories prediction, Capacity decay ML model and ML DCB models) and 
two exercises (one for the operational evaluation of the enhanced ATFCM process and main 
functionalities of the supporting automated modules and another for the performance evaluation of 
the global solution). Details of the validation tasks performed and results obtained are in D6.2. Main 
highlights of results as well as conclusions and recommendations can be found throughout D8.2: 

- Enhanced ATFCM process. Sections 2.4.6, 4.1.6, 4.2.6 and 4.3.6. 
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ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

- Probabilistic convection input to ATFCM. Sections 2.4.2, 4.1.2, 4.2.2 and 4.3.2. 

- AU alternative trajectories prediction and Capacity decay ML model. Sections 2.4.4, 4.1.4, 4.2.4 and 
4.3.4.  

- ML DCB models. Sections 2.4.5, 4.1.5, 4.2.5 and 4.3.5. 

PER.ER.2 

Is there a documented analysis and 
description of the benefit and costs 
mechanisms and associated 
Influence Factors? 

Not Applicable 

Although some benefits of the incorporation of the innovative concepts and technical developments 
could be extracted from the conclusions sections of D8.2, this criterion is considered not achieved 
since the project has not performed a structured or formal analysis of benefits and costs, not it has 
identified associated Influence Factors. This is left for further research. 

Since analysis of benefit and costs mechanisms was not within the scope of the project, the criterion 
is considered Not Applicable. 

PER.ER.3 
Has an initial cost / benefit 
assessment been produced? 

Not Applicable Same answer as in PER.ER.2. 

PER.ER.4 
Have the conceptual safety benefits 
and risks been identified? 

Partial (Non 
blocking) 

Although some safety benefits of the incorporation of the innovative concepts and technical 
developments could be extracted from the performance evaluation results in D6.2 and the 
conclusions sections of D8.2, this criterion is considered partially achieved since the project has 
performed evaluation only base on FTS due to the initial maturity stage of the solution. It will be 
necessary to run more simulations (more extensive scenarios and data, using more mature versions 
of the developed automated tools) and also HIL activities with interactions with ANSPs, NM and AUs 
to validate realistic use cases, scenarios and solutions.  

This is left for further research. 
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ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

PER.ER.5 
Have the conceptual security risks 
and benefits been identified? 

Not Applicable Security was not within the scope of aspects to be analysed by the project. 

PER.ER.6 
Have the conceptual environmental 
impacts been identified? 

Partial (Non 
blocking) 

Same answer as criterion PER.ER.4. 

PER.ER.7 
Have the conceptual Human 
Performance aspects been 
identified? 

Partial (Non 
blocking) 

Although some human performance aspects linked to the enhanced ATFCM process and the 
incorporation of the innovative technical developments could be extracted from the operational 
evaluation results in D6.2 and the conclusions sections of D8.2, this criterion is considered partially 
achieved since the project has not performed a structured or formal HP evaluation due to the initial 
maturity stage of the solution. It will be necessary to perform more HIL activities with interactions 
with ANSPs, NM and AUs to validate realistic use cases, scenarios and solutions.  

This is left for further research. 

SYS.ER.1 

Has the potential impact of the 
concept/idea on the target 
architecture been identified and 
described? 

Partial (Non 
blocking) 

Impact on the target architecture of the ATM system could be derived from the proposed target 
operational architecture of the ISOBAR solution included in section 5.3 of D8.2. 

SYS.ER.2 
Have automation needs e.g. tools 
required to support the concept/idea 
been identified and described? 

Achieved 

Automated tools in support of the enhanced ATFCM process described have been fully identified, 
developed, tested and documented. Refer to OPS.ER.1 for a list of the tools and also to D1.2 and 
D8.2 section 3.1, where they are referenced and defined as technical enablers for the ISOBAR 
solution. 

SYS.ER.3 
Have initial functional requirements 
been documented? 

Achieved Initial functional requirements have been identified and documented in the ISOBAR OSED (D1.2). 
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ID Criteria Satisfaction Rationale - Link to deliverables - Comments 

TRA.ER.1 
Are there recommendations 
proposed for completing V1 (TRL-2)? 

Achieved 
Section 4.3 of D8.2 is devoted to describe in detail future R&D needs for each of the new concepts 
and technical developments (as listed in criterion OPS.ER.1) that will lead to maturing them beyond 
V1. 

VAL.ER.1 

Are the relevant R&D needs 
identified and documented?   Note: 
R&D needs state major questions 
and open issues to be addressed 
during the development, verification 
and validation of a SESAR Solution. 
They justify the need to continue 
research on a given SESAR Solution 
once Exploratory Research activities 
have been completed, and the 
definition of validation exercises and 
validation objectives in following 
maturity phases. 

Partial (Non 
blocking) 

As indicated in criterion TRA.ER.1, R&D needs have been thoroughly identified. However, they have 
not been structured around detailed validation exercises & objectives as it would be the case for 
VALP at the end of a V-phase in IR. For that reason, this criterion is considered partially achieved. 
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4 Conclusion and Lessons Learned 

4.1 Conclusions 

4.1.1 Enhanced ATFCM process 

Overall, it can be concluded that the conceptual elements and technical AI-based components 
proposed to manage critical convective events are a viable step forward in the effort to improve the 
Network Performance in critical situations. Such conclusion is supported by the validation results, both 
quantitatively and qualitatively (refer to section 2.4.6 “Operational Evaluation” for a description of the 
results supporting this conclusion). In fact, feedback from validation activities has identified a very 
limited number of improvements for the OSED, which proposals have been assessed as feasible and 
beneficial by operational experts.  

Not all aspects included in the OSED has been tested operationally due to lack of maturity of the 
automated components; it was not the plan either. It was not either in the plan to develop a full HMI 
according to the defined OSED.  

The concept should be pushed towards higher maturity levels and further improvements in 
performance of the AI-based components and DCB workflow according to the final defined 
collaborative process and digitalised front-end support tools. 

4.1.2 Probabilistic Convection Input to ATFCM 

The main conclusion of MetEngine is that Machine Learning works for predicting convection: the ML 
libraries are capable of computing probabilistic forecasts of convective weather adapted to ATFCM 
spatial and temporal granularities.  

All models developed (AROME MetEngine, γSREPS MetEngine and ECMWF MetEngine) show good 
skills at predicting convective cells, and these predictions have been proved to be stable from D-1 to 
D-0. According to the verification results on ROC curves and likelihood, the γSREPS model seems to 
present a better response, along with the 12 binary targets, although, as already mentioned in section 
2.4.2, this can be linked to the higher number of samples available for that model, differences in the 
number of parameters in each NWP and differences related to the geographical focus of each model.  

Key for viability is interpretation and how to translate the raw quantitative data from the forecast to 
the risk levels defined in the matrix of the Cross Border Weather initiative.  
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Figure 26: Example of convection prediction and the convection risk matrix developed by the Cross-Border 
Weather initiative 

The tool developed allows customisation even at local level. Depending on the airspace area, the 
product feeding the MetEngine, the ANSP or even the ATCO, the target ranges may be different. In 
addition, operational interpretation is also an aspect to be considered to make the bridge between the 
setting of the quantitative ranges and the usability of the risk levels. The customizable visualization 
includes: 

• User level of risk; 

• D-1 vs D-0; 

• Location 
specificities. 

 

4.1.3 Data integration and architecture 

The general conclusion about data integration is that no showstoppers have been encountered in the 
ETL process at the backbone of all modules interoperability. Some automated data conversions serving 
this interoperability remain as points to be tackled with in future research (see section 4.3.3), but they 
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are judged feasible with today’s technical capabilities. The dataflows have served well all the proposed 
functionalities, and in particular: 

• Capacity estimation based on geometries can be intersected either with traffic volumes or 
sectors, making this option very flexible for operational uses.  

• The usability of hotpots prediction has been restricted to presentation to operational users, 
since DCB solvers have computed hotspots internally based on capacity decay estimation. DCB 
solvers rather receive trajectory uncertainty and capacities than detailed information about 
hotspots. However, a hotspot separated module would still be needed since there will always 
be Human In the Loop between detection of hotspots and launching of the solver. 

• On using the direct output of the MetEngine as input to all subsequent modules downstream, 
it is concluded that there is no single or simple answer. There is no issue about translating the 
outputs to other formats; the question is more on how much information needs to be 
transferred so it is usable both at operational and automation levels. Basic information such 
as polygons should be there. It must be highlighted that ISOBAR has proposed automation 
support, not full automation. Therefore, there will be a learning curve for operational staff, 
throughout which more specific meteo information needs will be defined. It must be also 
highlighted the relevance of developing a common guidance for interpretation of meteo 
information in the framework of ATFCM, focussed on information usability. 

4.1.4 Demand and Capacity Prediction  

AUs Alternative Trajectories Demand Characterisation 

The work done in terms for characterising alternative trajectories demand considering AUs 
preferences had led to two main conclusions: 

• Predictions can be obtained, indeed, for triplets historically filed, but also potentially new ones 
(as soon as they are encoded in the model perimeter). Such capability is also extended to low 
historically populated triplet, for which, alternatives can be nevertheless provided. But, by 
principle (as a machine learning principle), the model will provide better prediction on 
historical more populated triplets.  

• As most of AU preferences criteria (except SWISS in the project) were not available, the 
“choice” to assess route preference with a statistically approach (considering that history of 
trajectories handle the AU preference through the frequency of use of a trajectory versus the 
complete history) came out as suitable.  

Overall, the most frequently operated city-pair will have the highest probability to have flights involved 
in a hotspot, and so will be the ones eligible for alternative re-routing and therefore candidates for 
preference trajectory prediction. As the most populated city-pairs, they will also be those with the 
most relevant predictions. So, this gives meaning to our statistical approach. 

 

 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 54 
 

  

 

Capacity Decay Prediction 

The research done provides great insight into how ML models can be used for traffic and capacity 
decay predictions. Success criteria has been accomplished in terms of: 

- Provision of ML libraries capable of predicting probabilistic capacity decay values, 

- and provision of probabilistic hotspots, both associated to probabilistic forecasts of weather 
cells. 

Different model architectures seem to adapt better to different problem formulations.  

 

The concept has also had high acceptability and usability during the operational evaluation (see also 
section 4.1.6): 

• The FMP/NM reported that the capacity reduction values are relevant, realistic and precise and 
support the identification of imbalances.  

• The FMP was able to visualize in detail the weather capacity drop in the entry counts and to 
compare the demand with the initial capacity value and with the weather capacity reduction 
values.  

 

Figure 27: Capacity decay visualisation during operational evaluation 

Neural Network and 
Random Forest work 
well for tabular data 
(sector entry count)

CNN architecture is 
better suited for spatial 

data (weather, traffic 
flows)
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In addition, it was judged easy to understand and to adjust the weather capacity reduction and 
DCB impacts.  

However, the main conclusion is that complexity and computational/ development effort 
requirements of ML models for prediction of capacity decay exceed the benefits in terms of accuracy. 
As it is discussed in section 4.2.4, much simpler (statistical models) can play the role with enough 
accuracy and requiring less resources.  

Regarding the hotspots prediction model, the research has shown how CNN can be applied on ATM 
and weather data. While results indicate the model is able to capture correlations between traffic and 
weather data, there is still room for improvement and many assumptions that still need to be 
addressed, and in particular: 

- Representing ATFCM load on the system using historical data might not be realistic enough for 
the expected traffic demand at each timeframe; 

- Using actual weather observations. In an operational scenario, this input would need to be 
replaced with a weather forecast; 

- Assuming a 2D problem. Including the vertical dimension into the problem would be a further 
improvement. 

But mostly, the viability of the concept is linked to its usability: it has become clear that DCB solvers 
(see sections related to “Automated DCB Solver Suite” across the document, such as 2.4.5 and 4.1.5) 
calculate internally their own hotspots using capacity decay as input, leaving the hotspots prediction 
usability for visual consultation of operational users at most. See next section 4.2.4 for a discussion on 
related technical lessons learned. 

4.1.5 Automated DCB Solver Suite 

 

As a general conclusion, both solvers outperformed baseline custom CASA algorithms in terms of total 
delay and number of delayed flights.  

The solvers have decreased the total, the maximum, and the average delay, as well as the number of 
delayed flights, compared with custom CASA. The computing times for the three validation scenarios 
is < 10 minutes and the solver outperformed CASA in the total delay time and the number of delayed 
flights.  

Based on the three exercise scenarios results, the total delay for the solvers were about one-half that 
of CASA and the number of delayed flights less than one-fifth that of CASA. Although the computing 
time is much longer than CASA, it is usually less than 5 minutes. For the DCB problems of either D-1 or 
D-0, the computing time of the solvers are acceptable.  

However, it must be also highlighted that the maximum delay per flight is greater with the MARL solver 
than with CASA due to the MARL solver’s design limitation. 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 56 
 

  

 

 

Main conclusions over this set of solvers are: 

• High acceptability and usability (see next section 4.1.6): 

- Questionnaires on DCB Solver suite: 100% positive feedback. 

• High performance: 

- DCB Solver Suite provided efficient solutions at the network level with a range of delay 
reduction depending the solvers: Cherry-Picking (75%), Hybrid+ (49%), Hybrid (33%), 
Optimized Regulation (16%). 

- The FMP/NM reported that the solvers provide proper and efficient solutions to solve critical 
situations; 

- The DCB Solver Suite reduce the FMP/NM workload and provide an essential support. 

• Disruptive approach: 

- The FMP/NM highlighted the power and disruptive approach of massive cherry-picking solver; 

• DCB Solver solutions from D-1 to D0 is quite stable: 

- The key elements of the framework is the possibility to have a pre-tactical field of actions to 
be considered at D-1 in case of maximum risk of convection in order to prevent and deconflict 
chaotic situation in anticipation. 

One important aspect concluded related to the results of both set of solver suites is that even if the 
results are presented in terms of delay per airline, it is not possible to quantify in terms of costs for 
airlines. Cost quantification of delay is only known to each particular airline, and therefore the 
viability of the solvers should be thoroughly analysed by a panel of AUs that can really determine an 
improvement in terms of benefits of proposed solutions. This aspect is especially relevant in DCB, so a 
section is dedicated to present the AUs priorities in DCB problems (see section 4.4). 

4.1.6 ISOBAR Solution Prototype and Evaluation 

Operational Evaluation 

Regarding concept clarification, it can be concluded that the conceptual elements and technical AI-
based components to manage critical convective events are a viable step forward in the effort to 
improve the Network Performance in critical situations. Such conclusion is supported by the results, 
both quantitative and qualitative, presented in section 2.4.6.  

Technical feasibility in principle has been proven for both the “back-end” design part regarding the AI-
based components, but also for the “front-end” part that focused on the visualisation the meteo, DCB 
impact and proposed solutions supported by aid-tools. PLANTA/INNOVE prototype incorporated both 
parts and has been successfully tested and used for validation in exercises in ISOBAR. 
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Certain elements were intentionally simplified in order to enable the integration in the PLANTA 
prototype. This primarily included the simplified HMI and the richness interactions between PLANTA 
and the AI - components to avoid long computation times when longer time periods containing large 
amount of data were queried in PLANTA/INNOVE. This did not preclude the operational analysis of 
performance aspects: 

• Meteo France made an assessment of the weather convective prediction and concluded that 
the prediction quality is good. 

• FMP/NM made the assessment of the capacity reduction prediction and concluded that the 
prediction quality is very precise. 

• FMP/NM made the assessment of the different solvers and concluded that the overload 
resolution is correct and that the delay performance is either normal (optimized regulation) or 
very good (cherry-picking). 

• FMP/NM made the assessment of the human performance (workload, usability, …) and 
concluded that the proposed process/workflow is efficient. 

Overall, the evaluated coordinated process involving local FMPs and the pivotal role of NM led to a 
more stable plan and performance which will leave residual problems to manage on D0. It is key that 
when designing future CHMI the quantity and level of detail of the information presented is carefully 
planned: information has to be enough and not too much, to avoid overloading the operator.  

Performance Evaluation 

Regarding the performance evaluation, the main conclusions are split into two different stages, aligned 
with the time horizons within the ATFCM process:  

• For Pre-tactical phase (D-1), better results were obtained in terms of nº regulated traffic and 
total delay for two of the three days. It seems that the current NM strategy tends to penalize 
more flights and distribute the delay among more flights, while ISOBAR Solution (notably the 
hyper-heuristic Solver) tends to concentrate the regulations on specific set of flights but 
causing a higher average delay per flight. It all depends on the business strategy of each 
organisation; this shall be a customizable aspect. 

• For Tactical phase (D0), for all Key Performance Areas (KPA) all results showed very similar 
values in solution and reference scenarios. In general, the conclusion is that the level of 
performance impact of the mitigations is maintained but that the expected behaviour would 
be a better performance in solution since a better planning has been done at D-1. However, 
the tested AI Solver was not considering the exact location of the predicted storms, making 
the regulations at D-1 sometimes useless because the regulated flights were not the ones 
impacted by the weather phenomena and deriving also to more deviations in tactical phase. 
This caused penalizing flights unnecessarily at D-1 and over-penalizing others in D0. In the 
same way, the AU Preference module was not considering either the storm locations, so the 
alternative trajectories proposed in D-1 may still cross the storm areas, making useless the 
mitigation measure. 

The general conclusion is that the tested solution achieved to reduce ATFCM delays at pre-tactical 
phase and maintained the tactical performance at same levels, which is noteworthy given the maturity 
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of the tested AI modules in context of a FTS. The concept is promising and show potential, but non-HIL 
results are dragged by the supporting tools not being at the same level of maturity. 

4.2 Technical Lessons Learned 

4.2.1 Enhanced ATFCM process 

As it has been commented in section 4.1.1, the process defined in ISOBAR OSED (final D1.2) is 
considered a valid reference for related future projects. The recommendation here is to pursue a full 
operational and performance evaluation of the concept supported by Real Time Simulations using 
more mature automated support and a Collaborative HMI able to replicate as much as possible the 
developed use cases.  

The target could be the integration of all models into state of the art evaluation tool, or even to 
progress towards incorporation of functionalities and operational flows as per the defined CHMI in the 
ISOBAR communication prototype (see section 2.4.1).  

4.2.2 Probabilistic Convection Input to ATFCM 

MetEngine models seem to learn even with a “relatively small” dataset as the one used. Indeed, meteo 
data needed to run the models is very heavy in terms of size of archives, so it is advisable to be careful 
on adding too many sources or increasing time or geographical resolution without a careful previous 
trade-off analysis of expected benefits and cons. Data Resolution requires consideration of application 
since higher resolutions may not be practical. 

Data sources are diverse, so it is difficult to compare them in terms of quality of forecast. The 
atmospheric parameters each data source gives are very different, as well as the training and validation 
dates used (the ones available for each model).  

A question that has been posed during operational evaluation (see section 2.4.6) is the pertinence of 
using multi-model products that predict convection using the three analysed NWPs as simultaneous 
input. Multi-model is feasible but may not be practical: it can be the case that different models are 
overlapping the same area and providing divergent results, causing misunderstandings. To avoid this, 
a quick-win addon could be to provide the operational staff an indicator of the level of dispersion of 
the results of the model over those areas. However, this parameter should be incorporated carefully 
not to overload the operator with too much information.  

4.2.3 Data integration and architecture 

After the completion of the project, some points can be highlighted regarding technical open points in 
the operational architecture of the solution: 

• The capacity estimation should only be addressed for the open sectors according to the 
opening scheme of each ACC, to avoid processing of unnecessary data. In fact, the capacity 
estimation module already contemplates this opportunity, since it estimates the capacity drop 
in a geographic area for a specified time, so it would only have to filter it for the Traffic 
Volumes open at each time of the day and then extrapolate it to the associated sectors. 
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• The DCB Solver computed the hotspots to be solved internally, as the solver would rather 
receive trajectory uncertainty and capacities than detailed information about hotspots, so the 
hotspot information resulting from the task of Hotspot Detection seems to be unnecessary. 
However, a hotspot detection module is considered to continue being necessary since there 
will always be Human in the Loop between detection of hotspots and launching of the solver. 
The lesson learned here is that the hotspot detection module should be tailored to this, more 
visual, operational target use, rather than the production of data files injectable in subsequent 
DCB solvers.  

• A general lesson learned regarding the work with heavy data sets is that a flexible and agile 
data exchange platform is needed. Ideally, this platform could be able to perform necessary 
and automated data conversions, acting as a backbone server for all modules composing a 
research solution.  

4.2.4 Demand and Capacity Prediction  

AUs Alternative Trajectories Demand Characterisation 

One of the main lessons learnt while characterising the demand is that for a give triplet, in in the history 
of filed flight plan, there are far much more variability in the vertical profiles then in the lateral 
routes. This leads to some inconsistencies that have appeared in the generated vertical profiles.  

 

Figure 28: Example of corrected vertical profiles vs historical vertical profiles 

A post processing based on linear interpolation should be addressed to improve the consistency of 
these vertical profiles but, even with this improvement, it is difficult to take into consideration the 
vertical profile to assess trajectory preference as the accuracy of these vertical profiles cannot be 
guaranteed. Consequently, the focus has to be drawn to the evaluation on the lateral path assessment. 
However, in the scope of the project, it has been impossible to consider the routes constraints in the 
alternative trajectories processing. This remains for further research.  

Capacity Decay Prediction 
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The results have suggested that the model performance is excellent, but most of the importance in 
the models is given to a single feature: the ACC. From here, the question appears: Would a simpler 
solution be possible? For that it would be necessary to compute the average capacity reduction (in %) 
per ACC in the training dataset first and the apply that average capacity reduction per ACC in the 
nominal capacities of the test set, in order to get a kind of rate prediction. 

In fact, Figure 13 in section 2.4.4 depicted the model results for capacity decay prediction as compared 
to a “dummy” statistical model (the “capa” model in the figure). The accuracy in the prediction of the 
ML model does not justify using such a complex model, since results are not significantly better than 
the ones obtained using a much simpler models that is making the prediction based on the ACC_Id and 
convection forecast. The recommendation is using a simple statistical model that applies a rate 
reduction based on the average reduction that is applied at the ACC. The results so far show no 
significative improvement with regards to the ML model. 

Another question that appears is if the problem is truly complex to use Machine Learning techniques. 
It is clear the ML models (Gradient Boosting Decision Tree (GBDT) in this case) are able to capture 
capacity reduction due to weather from historical data without human hints. Moreover, feature 
importance analysis by using Game Theory indicates that the model has learned the correct patterns: 
the more the volume intersection with convective weather and the more the risk of intersection, the 
greater the capacity reduction. With these patterns and taking into account that the most important 
feature is by far the ACC (the simple model based on statistics could achieve similar performance), it 
is not worth to deploy such a complex ML model unless the benefit of GBDT increases with more data 
available as input. 

Additional transversal technical lessons learned are: 

 
It would be therefore advisable to think about other metrics available to describe the problem or to 
start recording better data for the target behaviour to be captured. 

Regarding the hotspots prediction model, as it has been introduced in the previous section 4.1.4, the 
main technical lesson learned is that the usability of the outputs has been restricted to consultation 

Underlying assumptions need to be considered

•For example, it could be possible that the weather seen by the FMP when determining the 
rate of the regulations do not correspond to the weather data used by the model. 

•In addition, different flow managers can access different weather forecast products from 
different providers, which makes more difficult to know the weather picture they 
observed to make a decision on rate of regulations. This is an important limitation and 
could create great inconclusions in the results.

Available data is not perfect 

•That is the reason for the importance of understanding it well and knowing how it 
correlated with the learning task:

•Entry count is not capacity;

•Base or nominal capacity may not be accurate;

•Regulation labels may not be accurate. 
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by operational users. DCB solvers, that could be potential users of an input of hotspots prediction, 
realise their own calculations, better suited for their particular engines, based on the capacity decay 
estimations. Moreover, the capacity estimations are not injected as such, but after analysis and 
modification by operational users. In fact, operational users have been more interested in a good 
representation of capacity decay than in being presented the hotspots (see “Operational Evaluation” 
in sections 2.4.6 and 4.1.6), which they are better placed to judge based on their experience.  

4.2.5 Automated DCB Solver Suite 

 

The main limitation encountered in this solvers suite is that the uncertainty in terms of the demand 
is not considered in ISOBAR exercises, such as the flight’s entry time into a sector of interest which is 
ideally predicted based on the flight schedule. In real-world practice, even supported by state-of-the-
art ATM technologies (such as the trajectory-based operation), the entry time is subject to error. The 
current way of considering capacity uncertainty does not significantly affect the performance of the 
DCB.  

Additionally, DCB solvers developed in ISOBAR consider AU preference for alternative trajectories. 
However, the AI-module developed within ISOBAR to predict preferred alternative trajectories per AU 
was not ready. A workaround was to build a set of alternative trajectories for every triplet (origin-
destination, aircraft type, airspace user) directly from the traffic data of the considered validation day. 
These alternative trajectories were used as an input to the solver.  

In ISOBAR, the gate concept was intended to measure flows, to identify hotspots, and to mitigate 
them. A hotspot-gate requires defining and quantifying a capacity per gate, which was out of the scope 
of ISOBAR. Alternatively, gates could have been useful to identify flights involved in many hotspots, in 
order to modify them to hopefully solve efficiently the DCB hotspot problem. Finally, due to lacking 
data on gates, the gate concept was not supported.  

Although the MARL solver can quickly generate results, it takes longer training and solving times than 
expected. MARL solver needs a complicated simulation process based on multiple iterations, which is 
time-consuming, especially when the DCB problem’s scale is large. A simulation process takes about 
3-4 minutes. An episode of either training or solving a DCB problem needs 3-4 minutes. Due to the 
non-stationarity of MARL, the training curve takes many episodes to converge, usually thousands of 
episodes. Therefore, training the agent takes several days. Nevertheless, considering that the 
acceptable computing time expressed by NM/FMPs is up to 20 minutes, and after the training step is 
over, the MARL’s computing times are suitable for FMP/NM use. 

Particularising for each of the technical approaches followed, the following technical lessons learned 
have been extracted: 
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For the ATFM solvers, the solvers were executed at D-1 and at D0 separately, assuming that the 
demand would not change during the day (i.e., taking into account a static picture) but only the 
capacity. In real-life, however, the traffic demand is volatile and may change with time due to various 
sources of uncertainty. This means that, in a real-life implementation, the solvers proposed herein 
would need to continuously adjust the solution to the changing demand (e.g. by executing the solver 
every hour).  

Additionally, the mitigation measures proposed at D-1 are not introduced (propagated) into the 
demand for D0, which is also another assumption made to ease the simulation. In real life, some 
mitigation measures would have already been implemented to traffic, so this is also a source of traffic 
update at D0 to be considered by the Solvers at D0. 

MARL

• The main advantage - MARL solvers balance calculation time and optimisation for
practical application.

• Potential challenges - MARL solvers need to be designed with extra care:

• Global observations are likely to be infeasible - The observation matrix is too large for
a large-scale DCB problem;

• Partial observations need to address the problem of model generality - The current
solution is to use Recurrent Neural Network (RNN) to process the input matrix;

• Decision-making framework for DCB issues is critical - The Markov Decision Process
must be designed carefully, which greatly affects the method’s performance;

• The quality of the training data affects the performance of the neural network - Data
that is similar to the scenario to which the solver is applied is preferred.

Simulated-Annealing-based Hyper-Heuristic method

• Selecting flights according to their overload factor is key;

• For neighbourhood operators: combination of diversification + local search operators is 
the most efficient;

• Dynamically setting initial temperature, better than static;

• Additive scheme to update neighbourhood operators' weights is useless = converges to 
the uniform distribution;

• Tedious tasks - setting weights in the objective function:

• may need change for new instances;

• not adapted values may lead to convergence local optima.
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The current EUROCONTROL solvers fix overloads by issuing temporal ATFM measures (i.e. delays), 
either by means of regulations (GR and OR), cherry-picking measures (CP), or a combination of them 
(H and H+). Not all possible mitigation measures are represented in this suite, so the results obtained 
have not really extracted all benefits from the developed solution.  

Again, more technically specifically lessons learned have been: 

 

 

4.2.6 ISOBAR Solution Prototype and Evaluation 

Operational Evaluation 

Regarding the integrated prototype of the solution, the integration with PLANTA/ INNOVE for the 
performance of the operational evaluation encountered no technical limitations. All ready-to-integrate 
functionalities could be presented to operators in a realistic way. It remains an open question how to 
tackled the coupling of ISOBAR solution modules/ functionalities with the operational (NM/FMP) tools 

MARL for ATFM

• Attempting to solve the problem at the level of flight (just like the CP) is very challenging
– thousands of agents with continuous and/or discrete action spaces;

• Including other strategies, like re-routing and/or level capping, would make the learning
task even more difficult;

• Furthermore, combining cherry-picking measures with ATFM regulations would create a
difficult problem with different policies learning in the same environment;

• Solving the problem using ONLY ATFM regulations, however, may be doable – Agents
could be traffic volumes, and actions binary.

• To train policies using MARL, a realistic ATM simulator capable of rapidly running
random (but representative) scenarios is required. Unfortunately, there is no simulator
with these characteristics. It takes time to create our own simulator.

Selected approach, based on meta-heuristics and classical optimisation

• Meta-heuristics are extremely versatile, simple to code, and can solve (almost) any 
problem. But the execution time is not their strong point;

• Free solvers for mixed-integer programming (MIP) are rare - CBC and GLPK are the best, 
according to tested options;

• CASA is a complex algorithm, not just a simple first-planned, first-served rule, with plenty 
of exceptions and parameters (e.g., the window width);

• An accurate replica of CASA is needed to obtain representative results;

• And both the ATFM solver and the simulator must use the same version and 
configuration of CASA;

• Generating alternative (lateral and/or vertical) trajectories is not straightforward.
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for ATFCM. More than a matter for R&D it is a question of how to deploy the solution and 
functionalities (exploitation rather than R&D):  

- if as an overall tool interfacing with the operational platform and performing information 
exchanges aligned with the operational process,  

- or as separated modules each one deployed as needed and connected with the operational 
platform.  

The second option would be better aligned with varied operational local needs and different levels of 
maturity of the modules, but in any case should be open to customisation.  

Performance Evaluation 

In terms of limitations encountered in the performance validation, the main one has been the low 
number of use cases tested. Only 3 different days have been simulated and not with all ACCs in 
European airspace. However, it is true that the results of these simulated ACCs can be extrapolated to 
other ACCs with similar characteristics. Moreover, the most representative ACCs and days in terms of 
convective meteorological phenomena were selected, since there are a large number of storms in all 
of them, in order to be able to better validate the ISOBAR solution. 

The use of RAMS to evaluate the SESAR KPAs is very helpful but also costly: extensive effort was 
dedicated to the preparation of scenarios dataset and data cleaning in the post-processing of raw 
results.  

The weather shall had been considered more accurately, mostly for the Solvers to propose mitigation 
measures free of possible encounters with convective weather in tactical phase. From the results, it 
can be derived that the mitigation measures were not optimally selected at pre-tactical phase, 
producing an inefficient regulation for D0, that eventually caused sometimes worse results in KPIs than 
reference scenario. The different AI modules shall be further improved and refined considering these 
aspects to better and efficiently support the proposed enhanced DCB process of ISOBAR concept. 

4.3 Plan for next R&D phase (Next steps) 

4.3.1 Enhanced ATFCM process 

There is not much to add to what has been expressed in sections 4.1.1 and 4.2.1. The ISOBAR enhanced 
ATFCM process is considered a mature operational reference to be subject to structured validation 
enabled by more mature automated modules and customised simulation tools.  

4.3.2 Probabilistic Convection Input to ATFCM 

From the work done, some improvement areas remain for the next R&D phase:  

• Exploring additional NWP parameters and ML architectures; 

• Exploring and testing additional target functions such as radar observations and other sources 
of lightning data; 
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• Enlarge the set of customisable geographical scales as output of the models, allowing both 
local forecasts and higher resolutions (nowcasting); 

• Analyse pros and cons of multi-model and/or mosaic approaches and exploits their potential 
strengths to improve accuracy, robustness and adaptability of predictions. 

The three MetEngine models developed should include the provision of larger datasets for training 
and validation. The forecast ability has been demonstrated only trained with three weeks of data. 
Training the model with additional historical data would allow for further improvement and calibration 
of model results. Moreover, with larger data set, statistically significant metrics could be obtained to 
better quantify the model performance. 

The inclusion of more precise observational data would allow to focus on different target functions. 
For example, radar information would reduce the model bias related to inaccuracies of the RDT 
product or lightning data. This higher precision observations could also be coupled with high resolution 
forecasts, γSREPS and AROME to provide air traffic managers with a more accurate thunderstorm 
prediction at a local level.  

Lastly, a real time demonstration is recommended to better assess the potential benefits to air traffic 
flow management operations. This “live” would also be useful for the purpose of obtaining valuable 
operational feedback from end users allowing to further improvements in future versions of the 
MetEngine. 

4.3.3 Data integration and architecture 

The main open points related to the architecture of the ISOBAR solution are depicted in the following 
diagram.  
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4.3.4 Demand and Capacity Prediction  

AUs Alternative Trajectories Demand Characterisation 

The following recommendation for future work could be considered in this topic: 

• In the perspective of an industrial use, the problem of city-pair regrouping optimization should 
be tackled with a different approach to solve the training duration problem. Therefore, a global 
configuration management strategy would have to be defined to manage, either the training 
of a reduced amount but bigger ML models, or the automation of model production and 
deployment to cover a wide extend of city-pairs coverage. 

• To improve the vertical profile prediction (and therefore integrate it in global trajectory 
selection) the following improvement can be considered: 

o Increase the depth of the Recurrent Network used for the second model (ETO and FL 
prediction). But this will increase the training time. 

o Discretize the flight level prediction to transpose the regression problem into a 
classification one. 

Higher 
automation for 
interoperability

• Automated data conversions serving the modules integrating the 
solution are to be tackled in future research.

Customisable 
business rules

• Incorporation of catalogue of performance metrics and border 
conditions selectable by operators to set target solution and impact 
as input for the DCB solvers. 

Capacity aspects

• Integration of opening schemes and sector configurations as part of 
the proposed mitigations. 

• Incorporate the estimation of capacity at coarser level to allow the 
DCB evaluators a bigger picture of the capacity estimation at the 
start of pre-tactical ATFM. 
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• Even if approach allows to extract AU preferences, the non-availability of measurable 
preference criteria remains a problem. It would be necessary to involve and discuss with 
different AUs to try to bring out a minimal consensus on preference criteria. 

The main improvement that should be addressed is to integrate route constraints in the alternative 
trajectories processing. 

Since the focus is on demand prediction anticipation and on the comparison of ISOBAR mitigations 
with standard ones, from pre-tactical up to tactical refinements, it appears much more appropriate to 
work on filed flight plans (this with the objective of predicting filed or alternatives filed trajectories). 
Furthermore, they are liable to represent global AU preferences rather than actual flight plans 
influenced by specific and local factors, which will be difficult to infer or interpret since they are not 
available in the metadata recorded. 

Capacity Decay Prediction 

For the next R&D phase, various important aspects are identified: 

 

• The current approach is sector/traffic volume centric and the methodology is based on 
intersections of weather information and sectors. This assumes that regulations need to be set 
and the learning task predicts the rate. However, in the data there are cases with intersections 
and no regulations. A new formulation could address predicting sectors impacted by weather 
disregarded of them being regulated or not.  

• Explore new formulation only considering weather forecast and the learning task aiming at 
identifying where regulations are needed. In the way, at D-1 it could be possible to have a 
bigger picture of the situation: considering the total capacity and total demand for a big area 
of airspace instead of looking at the number of sectors. A global capacity reduction due to 
weather in the ACC would be useful (see “Data integration and architecture” and section 4.3.3 
where the research has also led to identify the same R&D need).  

• In addition, incorporating demand is also a good idea to be able to compare the value of the 
maximum demand expected with the predicted capacity for the traffic volume. This is in line 
with enriching the capacity decay module with demand information rather than further 
working on the hotspot prediction (see previous section 4.2.4). 

 

• For example, extending the temporal resolution of the model (now 1 step) to several steps so 
that the model gain insight from previous time steps and use this information to predict the 
capacity reduction in the next X time steps.  

• Research into other variables, apart from the rate that air traffic controllers and network 
managers use to manage ATFM scenarios in the presence of weather, could also be done to 
then analyse if the patterns describing these variable are more complex and difficult to 
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estimate by a simple statistical model. The temporal dimension to the problem should 
afterwards be included. 

• Explore the spatial correlation in regulations to understand the influence of regulations on 
surrounding sectors.  

 

• Use as input improved weather model providing more detailed prediction based on altitude 
and risk level; 

• Providing additional data sources such as regulation rate and base capacity of traffic volumes; 

• Invest and test over larger data sets covering various summers (as these are the strong storm 
seasons).  

 

• Invest in a model able to discern how the storm is impacting the topology of the sector and 
the flows that are crossing the sector. The human operator is probably considering this aspect 
of the storm location to define the rate. The target function will consider the topology of the 
flows within the sector, together with the presence or not of flights in evolution, as a measure 
of how easy would be to avoid the storm within the sector, and therefore how much the rate 
would need to be reduced to ensure safety. The predicted weather could be coupled with the 
predicted complexity of the sector to issue the final rate forecast.  

• In addition to displaying the capacity reduction in the form of a number indication over the list 
of traffic volumes, it is also endorsed to visualise the capacity reduction over the figures 
showing the entry counts. 

• Have in the same list the value of the maximum demand expected to be able to compare it 
with the predicted (reduced) capacity for the traffic volume.  

• Weather Capacity Reduction impact visualisation on map is a final a clear improvement 
towards usability by operators.  
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Figure 29: Possible representation of a Weather Capacity Reduction impact map 

4.3.5 Automated DCB Solver Suite 

The work performed within ISOBAR related to developing automated DCB solvers has been huge, and 
so it has been the relevance given to the usability of such tools (see subsections on “Operational 
Evaluation” within sections 2.4.6 and 4.1.6) and the potential benefits of more mature versions of this 
innovation. Therefore, there are many relevant and interesting threads for future research that have 
been identified.  

 

• MARL solver. Although the uncertainty of DCB problems is not considered in ISOBAR, since 
reinforcement learning methods are based on probability inherently, MARL solver has the 
potential to deal with the DCB problems with uncertainties. The real historical data of any 
ATFM region or even simulated data can obtain a trained agent who can output an acceptable 
solution. However, because CU’s solver is data-driven, before applying it, it would be better to 
train the agent through massive amounts of real historical data of similar ATFM instances 
where the solver is going to be applied.  

Besides, the MARL could be used to solve trajectory-based strategic conflict resolution 
problems (e.g. by scaling down the hotspot sectors to the predicted conflict zones), as it is 
schematically represented in the following figure.  
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Figure 30: MARL applied to predicted conflict zones rather than to hotspot sectors.  

• Hyper-heuristic solver. A number of possible research threads have been identified as border 
conditions of the optimisation function: 

o Minimizing delay at arrival rather than delay on ground only (to count for the effect of 
rerouting); 

o Minimizing total delay cost (vs. Total delay); 

o Optimizing sector opening scheme, as a pre-processing; 

o Exploring bi-objective optimization (vs. mono-objective weighted sum); 

o Exploring scenario-based two-stage optimization under uncertainty: 

▪ Stage 1 = D-1; ~10 weather scenarios for D0, find good mitigation 
measures "on average" ; 

▪ Stage 2 = D0; weather known with certainty, find and apply all mitigation 
measures (without deviating much from measures found at D-1). 

Additionally, some improvements can be integrated in both solvers when further developing the AI 
modules: 
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Regarding the next R&D steps focussed on the purely DCB Solver, it is proposed to progress towards 
the following main functionalities: 

• Integrating the sector configuration (capacity adjustment) to the solver (demand adjustment). 
the solution should launch a configuration/ opening schemes optimiser before launching the 
solver. There is one already available, the Improved Configuration Optimiser (ICO)7. Otherwise, 
the solver gets stocked trying to solve big problems and flights bunching that can be more 
easily solved with better configurations. Thus, this means to introduce the capacity adjustment 
before or together with the demand measures. 

 

7 https://www.eurocontrol.int/publication/improved-configuration-optimiser-technical-documentation  

Open the possibility to consider uncertainty on demand and capacity 
information. It will be worthwhile to consider more realistic uncertainties in 
the future, which is expected to revert in more accurate mitigation results. 
This will ensure that the mitigation measures applied are not propagating 
the overloads to other sectors with probabilistic prediction profiles of 
demand/trajectory uncertainties as input, or at least leave more capacity 
buffer to also leave room for tactical deviations.

Integrate the cancellation of 
flights possibility in the Solvers 
when obtaining delays more 
than a specific time (e.g. 4 
hours). 

Exclude from the list of 
potentially mitigated flights 
those non-eligible to regulation 
(e.g. departing outside Europe).

Improve the scoring of the 
alternative trajectories to be 
selected considering more 
operational criteria (see also 
sections 4.3.6 and 4.4). 

Open the possibility to consider 
gate concept (Netspot) to better 
select the traffic to be regulated, 
for an optimum DCB. To follow 
this research thread, Netspot 
capacity shall be provided.

Consider the convective weather location when selecting the flights to be 
regulated. Some flights may not be impacted by a storm even crossing a 
sector with capacity drop due to weather. The exact area of the storm is 
critical to optimize the regulation and avoid tactical deviations. 
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• Revisiting the delay attribution policy for cross-border and global solutions. For a more overall 
picture of the global network situation, the NM shall have a wide overview of the network level 
imbalances. The following consideration shall be applied: 

o Only considering high probability/ high severity at D-1, looking at the afternoon of D0; 

o More tests to check the robustness and fairness of the solution, linked to better 
understanding of the stability vs. efficiency trade-off. 

▪ Safety for ANSP, smoothing the peaks, so avoiding volatility of traffic; 

▪ Les delay for airlines, which should be the case with cherry-picking because of 
avoiding regulations that impact on higher number of flights, and possibly less 
extra miles and fuel consumption;  

▪ Collaborative decision making (CDM) process with airlines, leading to a more 
efficient solution for all actors without the need of the airlines to unveil their 
business models. 

• Focussing the effort on very promising Cherry-Picking Solver. 

• Tuning the level of overload admitted by the solver. This would be even more useful if it can 
be tuned per type of sector: for a TMA sector it is not so critical to have some overload solved 
since holding can be done; for an en-route sector a more aggressive strategy might be needed.  

• Adding rerouting capabilities. Future work must extend the capabilities of the solvers to other 
effective ATFM measures, like re-routing and level capping. These new variants would require 
new parameters to determine the trade-off between delay (and associated cost) and 
environmental impact (due to the sub-optimal alternative trajectories avoiding congested 
areas by flying longer routes or less efficient altitude profiles). Moreover, it will interesting to 
explore powerful aircraft manoeuvre technics as part of solutions catalogue: 

o Rerouting capability (RR, LC, lateral offset) with RAD constraint; 
o Solver manipulating combined delay & 3D adjustment; 
o Lateral offset, Miles-In-Trail, en-route sequencing/metering, ... 
o Reactive adjustment to react to problems and Pro-Active adjustment to prevent 

problems. 

• The results could be improved by setting the D-0 solvers to receive as an input the initial 
solution computed at D-1 refined by operational staff, instead of running the solvers from 
scratch at D-1 (meteo forecast and capacity reduction of D-1) and D-0. This would probably 
improve the solution and help convergence of the different solvers, except in cases when 
forecast at D-0 is very different from D-1 one.  

• The MARL for ATFM could also be further explored. Solving the problem using only ATFM 
regulations may be doable if agents could be traffic volumes, and actions binary.  

Finally, a global research phase that will frame all identified aspects will be working on the 

development of a able to provide multiple solution options by: 

https://www.sesarju.eu/


ISOBAR FINAL PROJECT RESULTS REPORT 

 

  

 

 

Page I 73 
 

  

 

• working on a set of engines with different techniques, to be selectable according to the border 
conditions and stakeholder needs, 

• and producing solutions that are combinations of all possible mitigation measures and also 
tailored to user (customisable) business preferences.  

It is highly relevant for future R&D in this sense to explore for this hyper-solver how to optimise both 
the performance and the results of the solvers: what parameters to vary and how, the balance 
between the improvement in results and the computational cost, the compatibility of computing time 
with operational process needs, etc. 

4.3.6 ISOBAR Solution Prototype and Evaluation 

Operational Evaluation 

The very promising evaluated ISOBAR concept should be pushed towards higher maturity level and 
further improvements in performance of the AI-based components and DCB workflow according to 
the conclusions. As it has been discussed in section 4.2.6, the next phase should be the full integration 
of all modules or diverse plug & play functionalities according to user needs.  

Other particular aspects that are recommended to be addressed in future developments of the ISOBAR 
solution are:  

 
It has been demonstrated that implementing solutions at D-1 is possible. It needs however further 
investigations to define the strategy and new working methods to manage regulation and massive 
cherry-picking at D-1. 

 
The risk matrix as a selection tool for more granular or combined information is proposed. Besides, it 
would be interesting to have the convection presented integrated, and not only per level of risk, in line 
with the visualisation tool developed in the project (see section 2.4.2). 

Decision-making process to start from pre-tactical phase to provide a better anticipation 

Integrate convective weather information in the FMP/NM working environment 
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Figure 31: ISOBAR MetEngine visualisation dashboard 

It would be also interesting to present the risk matrix at the same time to have the reference for the 
risk level. Another useful add-on would be to allow clicking on each cell of the risk matrix to select/de-
select the risks levels to be shown in the map. 

It is proposed to investigate two improvements for the convective model prediction: 

• To develop a single model that aggregates the severity and probability of the three models in case 
of overlaps – multi-model prediction.  

• Otherwise in case of multiple models, to develop a dispersion metric that combine the weather 
forecast of the different providers, which determines the similarity of the different forecasts. When 
there is more than one forecast, it would be advisable to define a consistency factor between the 
different models. 

 
It is proposed to ease the visualisation of the capacity reduction: 

• Add filtering options to the capacity reduction tool; 

• Add impacted TFV with TFV reduction on the map. 

 
In this sense it is proposed for further research: 

• Integration of the sector configuration (capacity adjustment) to the solver (demand 
adjustment).  

Characterise the cross-border DCB impact of convective weather phenomena 

Enrich the decision-making using an aid-tool Hotspot Solver 
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• Revisiting the delay attribution policy for cross-border and global solutions. 

• Focussing the effort on very promising Cherry-Picking Solver.  

• Adding rerouting capabilities. 

The final big target will be to develop for operational use the mock-up Human-machine interaction 
design defined in the project (see section 2.4.1). 

 

Figure 32: Capture of gate visualisation in ISOBAR Global Communication Prototype (accessible online 
https://isobar-project.eu/isobar-prototype/) 

Performance Evaluation 

From the conclusions and lessons learnt obtained, recommendations as new requirements to the 
different AI modules are identified:  

• All modules shall consider the weather information when calculating the respective data, 
especially the storm locations. For the Solver and AU Preference AI modules to select the right 
flights to be regulated and right trajectories to be re-routed, respectively.  

• Capacity Decay AI shall solve the mismatch in the data (between configuration and traffic) 
since some very-high overloads were predicted. Moreover, it shall also consider the regulation 
rate within the machine learning data, in order to improve the prediction quality and avoid 
predicting unrealistic hotspots.  

• The Solver AI shall consider more carefully the creation of new unexpected hotspots when 
applying mitigation measures to existing hotspots, to avoid propagating the overloads to other 
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sectors. This is mainly due to the demand and weather uncertainties. Two options are 
available: 

o To leave more capacity buffer for the other sectors when solving existing hotspots, to 
absorb any pop-up situation or; 

o To extend the DCB solver to the tactical phase enabling fast-time solution updates, 
supported by AI-based solvers that have the benefits of computational power, in such 
a way that some unexpected events can be tackled with the most updated information 
(provided with probabilistic prediction profiles of demand/trajectory uncertainties as 
input). 

All of them oriented to improve the AI modules so more significant benefit can be demonstrated when 
conducting the chain of ATCFM process proposed by ISOBAR solution. 

In terms of purely research on performance evaluation, it is suggested to continue exploring the 
defined metrics (Impact, Compliance and Effectiveness) for assessment of regulation impact and to 
test them as metrics in future evaluations.  

In order to identify the Network Impact, it was studied how the delay to a flight was apportioned 
depending on the number of concurrent regulations impacting on it. In this regard, the analyses that 
were carried out for two very penalised Spanish sector, where the main results where summed up in 
the figure. In this sense, it provides the total delay per regulation and group, depending on the total 
number of flights and it provides a clear indication of the network effect.  

From the figures, also reported in D6.2 [12], it is clearly visible the network effect in the flights, showing 
similar patterns in the form of the slope of the relation between flights and delay associated as 
approximately m ~ (7.5 + 4*n) being n the number of additional concurrent regulations impacting on 
the flights. This means that as more regulations (n) has a flight, the slope (m) is higher, so the total 
delay apportioned to that flight is increasingly higher. These figures are for the sectors subject of study, 
and it is likely that it can change depending on the airspace. 

 

Figure 33: Example of proposed metric and representation for impact of regulations. Sum of ATFM Delay 
[min] vs Number of Flights separated by the number of Regulations (LECBBAS) 
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4.4 Airspace Users Priorities as input to DCB 

The main expectation of Airspace Users about improvements in the management of hotspots caused 
by convective weather is that the mitigation measures consider and integrate AUs preferences.  

In this sense, two aspects might be tackled with: 

- The use of AU preferences as input to the formulation of the solution; 
- The implementation of metrics for effectiveness of ATFCM measures that take into account 

the AUs views.  

This may sound straightforward, but in fact is a complex problematic that is discussed in detail in this 
section, both in general terms (requirements and border conditions for an efficient solution for all 
stakeholders) and in the framework of ISOBAR progress in the matter. 

 
Only Airspace Users know their preferences and real most efficient 4D trajectories. The Trajectory Data 
Based Operations (TBO) algorithms plan the optimum trajectory (vertical and horizontal), so, any 
changes mean an increase in fuel, costs and time. The 4D trajectory and TBO improves trajectory 
predictability by reducing aircraft’s environmental footprint and reducing holdings due to a better 
arrival steering in TMA.  

All trajectories are calculated pre-tactically and provided to the ATM stakeholders. In case of 
disruption, the AUs must be the source for alternative trajectories (according to their own calculations, 
legal responsibility is at Dispatch) and priorities. As an example, for a hub airline, each flight impacts 
all following planned flights through: 

• Passengers’ connections, 
• Aircraft rotation, 
• Crew rotation, etc. 

In ISOBAR, demand prediction (see sections 2.3.4, 2.4.4, 4.1.4, 4.2.4 and 4.3.4) was an attempt at 
providing to the DCB solvers (see sections 2.3.5, 2.4.5, 4.1.5, 4.2.5 and 4.3.5) an input on AUs 
preferences in the form of alternative trajectories to be used to avoid weather problems. When 
thinking of the AUs general preferences, the first characteristics that are attached to AU preference 
for a given city-pair are the AC type and AC operator. Moreover, such factors are usually available in 
most of the recorded ATM data. These three characteristics (city-pair, AC operator and type) were the 
triplet at the core of the demand prediction. However, the exercises' scopes did not take into account 
real inputs from AUs in the trajectories to validate the concept and ML predictions were developed for 
AU’s trajectories based on EUROCONTROL data. Actual flight plans contain more local specifications 
that are not as targeted by the ISOBAR global prediction objective. Moreover, the flown flight plan 
used as reference contains trajectories that couldn’t be effectively filed. Indeed, they hold “in flight” 
adjustments difficult to anticipate.  

The results of the exercises have not been operational efficient/ realistic from an airline point of view 
(huge delay and numerous cancellations). In future research, it will be necessary to run more 
simulations with the interactions with ANSPs and AUs to validate with more realistic implementation 

Only Airspace Users know their preferences 
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of AUs inputs with the real added value of ISOBAR concept, with the operational impact being 
acceptable, and demonstrate the real impact on the network. 

Overall, the technical activities performed, although a great step in ML demand prediction and 
technical developments, led to the production of alternatives not reviewed by AUs. As it has been 
highlighted, it is important that alternatives come from AUs, or, at the least, are reviewed and 
accepted by them prior to be used as an input to DCB solvers.  

Only taking AUs inputs in consideration could lead to a more robust air traffic situation, an enhanced 
system performance and all in all a better European ATM. 

 
Airspace users have varied business priorities that need to be considered from the planning phases in 
order to achieve a traffic picture that is robust and performance efficient. In a context of TBO, providing 
flexibility for users to incorporate specific aircraft or flight priorities into the requested trajectory 
would bring benefits in terms of: 

- Improved predictability; 
- Increased cost and operating efficiency (thanks to increased flexibility); 
- Greater equity; 
- Reduced environmental impact (less delays and CO2 impact). 

The exchange of flight/flow information can support the construction of the best possible integrated 
picture of the past, present and future ATM situation, enabling improved decision-making. In this 
regard, the Flight and Flow Information for a Collaborative Environment (FF-ICE) ([26] and [27]) is a 
product of the ICAO Global ATM Concept [28] that defines information requirements for flight 
planning, flow management and trajectory management. FF-ICE can improve decision-making by ATM 
actors involved in the entire duration of the flight.  

 

Figure 34: Current ATM based on regional/state processes and targets versus FF-ICE facilitated ATM based on 
global concepts, processes and targets [26] 

The focus of projects addressing ATFCM should be to ensure that the process can receive and work on 
the information needed to achieve the FF-ICE targets. The FF-ICE reach an optimum collaborative 
management thanks to them. 

Decision making shall be collaborative 
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Figure 35: ICAO FF-ICE Targets 

This approach would help to make the system globally interoperable for all users and increase capacity 
and safety levels, very much aligned with the ISOBAR OSED targets and principles. It is left for future 
research the evolution of the ATFCM enhanced concept proposed so that flight information can be 
shared collaboratively along all timeframes of the process. This will also build on the results of 
initiatives within SESAR already exploring improved AU’s participation in the ATM network 
collaborative processes in the context of FF-ICE [29]. 

 
It is needed a framework that supports the proactive approach to identifying and managing at least 
“critical” flights in the network. There are certain already available tools and concepts that can add on 
this: 

• Proactive FDCI (Flight Delay Criticality Indicator), issued for critical flights before any demand 
and capacity balancing (DCB) measure, is allocated to the flight at the NM. This would be input 
to the ATFCM so that NM/FMP has certain indication about the value of the flights: which 
flights are the priority ones and for which changes should be minimised. 

• Reactive FDCI and UDPP (User-Driven Prioritisation Process), issued when a DCB measure is 
already affecting the flight, allowing the Network Manager to make any corrective action to 
reduce the impact when possible. 

• xStream and TTAs, when used providing the Target Time of Arrival based on the most efficient 
route filed by the AU. 

• STAM (Short Term ATFCM Measures), implemented by local FMP, but, as they impact the 
whole network, applied upon previous Network Impact Assessment e made by FMPs in 
coordination with NM. 

Also, there must be a discussion with companies to identify the limit time from which it will be very 
difficult for them to replan/ refine their flights. As an example, 8 UTC is the time limit for the day of 
operations that DSNA manages for proposing changes to FPs so that the companies can take them into 
account. 

New technical enablers are needed 
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There are a few improvements to be made for future work: 

• The first one should be to bring the ATFCM enhanced concept into a higher maturity level 
including more realistic AU’s inputs. There should be a real implementation of an interface 
with airlines through real trajectories and priorities with a real implementation of airlines 
preferences (real alternatives and priorities provided by the AU’s) in the hotspot resolution 
module (not only ML predicted). This will also lead to an acceptable operational impact of the 
mitigation measures.  

 

Figure 36: Future R&D possibilities in ATFCM from AU's perspective 

• New simulations are needed, including HIL AU’s, to mature and demonstrate benefits in a 
realistic environment that progress towards the FF-ICE targets. The simulations should also 
incorporate the better weather forecast and implement it into weather providers to validate 
benefits from the increased predictions’ quality for all stakeholders. 

• The demonstration can be taken step-by-step, starting with scenarios that are intensive in AU 
participation before going into more complex cross-border and multi-ANSP ones. The focus, 
again, is to concentrate in the use of real trajectories.  

• The real network impact assessment can only be reached if targeting the reduction of “linked 
congestion” by better collaborative management between the agents ANSPs, AUs and NM.  

Needs for Research & Development from AU’s Perspective 
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5 Roadmap for ISOBAR Solution 

5.1 ISOBAR Operating Method 

The ISOBAR solution proposes an enhanced ATFCM process integrating weather information. The 
proposed working method making use of the ISOBAR engine as a supporting tool for decision making 
is described in detail in Final D1.2  with the feedback collected from the validation results. Additionally, 
the different improvements to the AI modules are also provided in order to efficiently support the 
operational method. Within the annex, a support diagram depicting the Procedures, Roles and 
Responsibilities according to the new ISOBAR Operating Method, following the defined Use Case and 
including the interactions with the new AI engines is also included and explained in detail. 

The main outcomes to be remarked within this enhanced process is: 

• Weather incorporation into the system, with detection and resolution functionalities that 
alerts the NM/FMPs as a process trigger. 

• NOP Publication in pre-tactical phase (D-1) to regulate the demand in a more efficient way, 
avoiding unnecessary impacts.  

• More mitigation measures and possibilities available (playbook) with what-if functionalities. 

• Involvement of AU preferences and coordination with them for an optimum approach. 

• During DCB process, both demand (delays and re-routings) and capacity (DAC) have to be 
considered, preferably first on capacity if possible, to avoid impacting on AUs.  

See Final D1.2 [3] for complete set of working procedure and update Use Case steps. 

5.2 ISOBAR Operational Improvements and Solution Enablers 

See section 3.1. 

5.3 Target Operational Architecture 

ISOBAR project has included the development of an operational dataflow diagram that represents the 
target architecture of the ISOBAR solution. It has helped within the project to have a clear 
understanding of the data inputs/ outputs and exchanges between the diverse software (and AI) 
modules of the solution. In addition, it also illustrates the interoperability between the different 
modules that make up the solution helping to better understand the connections between them.  

Overall, the target architecture serves the proposed ISOBAR operating method referenced in section 
5.1. Figure 37 represents this target architecture as output from ISOBAR project, where:  
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• Meteo forecasts outputs directly from the three analysed and used NWPs (AROME, γSREPS 
and the ECMWF) are the input meteo data to the MetEngine (see “Probabilistic convection 
input to ATFCM” subsections across this document).  

• The MetEngine (the storm predictive model developed and proposed for integration into the 
ATFCM process) performs the post-processing of the high resolution NWPs outputs, as well as 
the processing of the convective indicators selected in each model as predictors of storms. 

• The raw storm forecast produced is subjected to data conversion, to adapt to the type of input 
data digestible by hotspot detection submodules, and to visual conversion, to produce usable 
outputs for the creation of a meteo web map that can be directly consulted by operational 
ATFCM stakeholders (FMPs and NM notably). 

• Aeronautical data (traffic and airspace) is merged with the meteo forecast to feed the 
estimation of the reduction of capacity due to convective weather events and the hotspots 
forecasts. Here the target architecture serves the enhanced process proposed, where capacity 
estimation is directly input to the hotposts mitigation module whereas hotspot information is 
kept being presented visually and numerically to the operators for situational awareness. 
Although CHMI interactions are not represented in this diagram of the operational target 
architecture, it must be highlighted that capacity reductions obtained from the automated 
hotspot detection module can be modified by the operatorr, according to their experience, 
prior to their use by the hotspots mitigation module. 

• The hotspots mitigation is also fed by the AU preferences module, which produces, based on 
historical data, alternative trajectories (city-pair and AU based) that can be proposed to avoid 
the hotspots. 

• The hotspot mitigation is finally able to produce and present to the operators diverse options 
of combined measures (re-routing, regulations and cherry-picking delays) that are produced 
by a set of solvers, each one based on different techniques (including AI) and border conditions 
for the solution.   
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Figure 37: Target ISOBAR Solution Operational Architecture 
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The link below allows the consultation online of the operational dataflow diagram proposed as target 
operational architecture: 

https://viewer.diagrams.net/?page-
id=PFvnAAGx4h1edc2XrubC&highlight=0000ff&edit=_blank&layers=1&nav=1#G1Rr42Uojeup8mIFKK
kEw8Aa7wwG2sCEMS  

ISOBAR has already detected lessons learnt and needs for future research related to the proposed and 
tested architecture, that, within this document, have been summarised in sections 4.2.3 and 4.3.3.  

5.4 Roadmap towards Deployment  

ISOBAR has defined a solution and a set of OIs/ Enablers as a result of the project research. The 
definitions of these elements are included in section 3.1. For each OI and enabler composing ISOBAR 
Solution to progress up to a level of maturity that would allow demonstration and deployment. This 
will correspond to V3 and TRL6 in line with SESAR maturity levels applicable definitions. 

The following table presents a summary of the ISOBAR Solution OIs and technical enablers confronted 
to these target maturity levels.  

Code Name Maturity at 
project start 

Maturity at 
project end 

Target 
maturity 

OI-ISO-1 Probabilistic convection forecast tailored to 
ATFCM needs 

V0 V1 V3 

OI-ISO-2 Enhanced ATFCM in pre-tactical phase facing 
meteo-derived imbalances 

V0 V1 V3 

EN-ISO-1 MetEngine TRL1 TRL4 TRL6 

EN-ISO-2 AU’s alternative trajectories - TRL2 TRL6 

EN-ISO-3 Capacity decay predictor TRL1 TRL3 TRL6 

EN-ISO-4 DCB Solvers TRL1 TRL4 TRL6 

Table 4: Project Maturity 

The research steps for each element are framed by the conclusions included in section 4.3 of this 
document.  

As general consideration, it is important for the deployment of a successful ISOBAR solution that NM 
operators and local ACC operators are “seeing” and reasoning around the same information, and so 
their HMIs should be showing the same info. Following this approach, recommendations for the 
deployment are: 

• Back-end. NM should offer centralized B2B “ISOBAR” services: convective weather prediction, 
capacity reduction prediction by TV/sector and suite of solvers (CASA, Hybrid, Cherry-Picking, 
….). Such an architecture must allow all actors to share and manipulate the same objects. This 
is the case today for some products, like CASA, Entry Counts and Occupancy Counts. 
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However, some actors (ACC) might be developing or integrating their own tools. An ACC and 
NM with different MET engine tools will necessarily have different convective weather 
situations. Once again, this is the case for example today for certain products such as the 
complexity algorithms developed at the local level, providing different images of imbalance 
according to the different perspectives (ACC, NM). For those case, the ISOBAR collaborative 
process will still allow the actors (ACC, NM) to share and to understand the differences and to 
jointly determine the convective problem and network impact (capacity reduction, 
imbalance): the common agreed objects will be the capacity reduction values, the 
identification of imbalances, hotspots and netspots. At this point, all actors (ACC, NM) can run 
their solvers on the same definition of the problem (capacity reduction, imbalance, hotspot, 
netspot). 
 
Again, although the solutions explored by the ACC and NM can be different, these actors will 
enter in the collaborative process to share their proposed solutions with network impact, and 
then they will determine an agreed solution. 
 

• Front-end. iNM (integrated NM) will offer an HMI to access the ISOBAR B2B services. Again, 
some ACC/ANSP in Europe are developing their own local HMI. To cope with all possible 
situations, the ISOBAR project has defined some standardised information/visualisation at the 
front-end level like the risk-matrix for the convective events in order to share a common 
understanding between actors. 
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Appendix A Terminology 

A.1 Acronyms and Terminology 
Term Definition 

AC Aircraft 

ACC Area Control Centre 

ACT Activity 

ADEP Airport of Departure 

ADES Airport of Destination 

AEMET Agencia Estatal de Meteorología (in Spanish) 

AI Artificial Intelligence 

ANSP Air Navigation Service Provider 

AO  

ATC Air Traffic Control 

ATFCM Air Traffic Flow and Capacity Management 

ATM Air Traffic Management 

AU Airspace User 

B2B Business-to-Business 

CASA Computer-Assisted Slot Allocation 

CDM Collaborative decision making 

CNN Convolutional Neural Network 

CP Cherry-Picking 

DC Demand and capacity 

DCB Demand Capacity Balancing 

ECMWF European Centre for Medium-Range Weather Forecasts 

EN Enabler 

EPS Ensemble Prediction Systems 

ER Experimental Research 

ETL Extract, Transform and Load 

ETO Estimated Time Over 

EXE Exercise 
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Term Definition 

FAIR Findable, Accessible, Interoperable and Re-usable 

FDCI Flight Delay Criticality Indicator 

FF-ICE Flight and Flow Information for a Collaborative 
Environment 

FL Flight Level 

FMP Flow Management Position 

FTS Fast Time Simulation 

GB Gigabytes 

GBDT Gradient Boosting Decision Tree 

HH Hyper-Heuristic 

HMI Human Machine Interface 

Horizon 2020 / H2020  EU Research and Innovation programme implementing 
the Innovation Union, a Europe 2020 flagship initiative 
aimed at securing Europe's global competitiveness.  

ICAO International Civil Aviation Organization 

ICO Improved Configuration Optimiser 

IR Industrial Research 

KPA Key Performance Area 

LSTM Long Short-Term Memory 

MAE Mean Absolute Error 

MARL Multi-Agent Reinforcement Learning 

MAT Memory Analyser Tool 

MIP Mixed-integer programming 

MIP Mixed-Integer Programming 

ML Machine Learning 

MLP Multilayer perceptron 

MSE Mean Squared Error 

MSLE Mean Squared Log Error 

NLP Natural-Language-Processing 

NM Network Manager 
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Term Definition 

NMOC Network Manager Operations Centre 

NOP Network Operations Plan 

NWP Numerical Weather Prediction 

OI Operational Improvements 

OSED Operational Service and Environment Definition 

OVD OverLoad 

PCo  Project Coordinator  

PI Prévision Immédiate (in French) 

R&D Research and Development 

RAMS Reorganized ATC Mathematical Simulator 

RDT Rapidly Developing Thunderstorm 

RF Radio Frequency 

ROC Receiver Operating Characteristic 

SESAR  Single European Sky ATM Research Programme  

SJU  SESAR Joint Undertaking (Agency of the European 
Commission)  

STAM Short Term ATFCM Measures 

TBO Trajectory Data Based Operations 

TMA Terminal Manoeuvring Area 

UC Use Case 

UDPP User-Driven Prioritisation Process 

WP Work Package/Way Point 

Table 5: Acronyms and technology 
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