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1. Introduction 

(1) This ERASMUS State of the art provides the findings from a review which aimed to collect 
information about the ERASMUS Operational concept that were applied and finalized in 
previous work (R&D activities and Operational implementations). 

(2) This document represents the ERASMUS project delivery D2.1 part of the WP2 as defined in 
[2]. 

1.1. The ERASMUS project 

(3) ERASMUS is a research project supported by the European Commission Directorate General 
"Transport and Energy" within the 6th Framework Programme. 

(4) Considering the high level of automation that has been introduced in the air segment the last 
50 years, the Flight Management System (FMS) being a recent example, one can question 
why this has not taken place for the ground segment. The ATM system seems to be “archaic” 
for many observers, not taking full advantage of either Precision Area Navigation (P-RNAV), 
air/ground communication facilities, or of the FMS -- equipment which is already in use 
worldwide. Airlines, aircraft manufacturers and system designers have difficulty understanding 
why such potential in terms of data precision and computing capacity both on the ground and 
in-flight still remain unused. ERASMUS proposes innovative ways to re-synchronise 
automation between the air and ground segments seeking to develop high cooperation 
between the human being and the machine and aiming to better use current potential 
capabilities offered by the air segment. 

(5) The strategic objectives addressed through ERASMUS are to propose an innovative ATM 
solution able to respond to the challenge of traffic demand, and to improve the efficiency and 
safety level of the European Air Transport System as stated in the ACARE SRA II. 

(6) ERASMUS adopts an air-ground cooperative approach aimed at defining and validating a 
human centred innovative ATC automation for the sector safety and productivity, maintaining 
the controllers and the pilots in the decision-making loop. 

(7) Today, when extrapolating the present position and speed of each individual aircraft, the 
controller takes large margins of manoeuvre due to limited information accuracy. The 
uncertain environment in which controllers work represents a domain that allows the 
automated system to optimise the traffic flow by using the Precision Area Navigation (P-
RNAV), the air/ground communication facilities and the airborne Flight Management System 
(FMS). Analogous to the autopilot system which performs minor adjustments (roll axis, level 
control) not perceivable by the pilot, the ATC automation system would use minor adjustments 
(vertical/horizontal speed, rate of climb/descent) to resolve (or to dissolve) large number of 
conflicts. Such minor/subliminal actions are not directly perceivable by the controllers and are 
not conflicting with their own action and responsibility. Assuming that the air speed can be 
safely adjusted by this automatic control (e.g. changes of horizontal/vertical speed or rate of 
climb/descent), it is estimated that the residual number of conflicts to be considered by the 
controllers could be significantly reduced (up to 80%). 

(8) The ERASMUS project considers this subliminal control and proposes to assess a set of three 
applications to be applied from the strategic to the tactical level. These 3 applications range 
from a full automation (full delegation to the machine) to a lower automation (computer being 
an adviser to the controller): 

• Subliminal control; 
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• “ATC autopilot”; 
• Enhanced Medium Term Conflict Detection (MTCD). 

(9) ERASMUS raised a set of questions which represent some concept viability foundations. It is 
related to the technical, operational and ergonomics knowledge concerning: 

• FMS trajectory prediction (accuracy, reliability, …); 
• Aircraft speed management tolerance window in the en-route phase; 
• Data Link enabler solutions; 
• Reliable and accurate information representation on the HMI CWP and cockpit 

environment; 
• Mechanism between the doubt management and the cognitive economy; 
• Operator conflict perception versus doubt management; 
• Operator trajectory deviation perception versus doubt management; 
• Simplified traffic versus cognitive economy; 
• Delegation of responsibilities (technical and human actors); 
• Co-actions interferences (technical and human actors); 
• Multiplicity, complexity and dependant control actions (i.e. sequencing); 
• Layered Planning. 

1.2. Document structure 

(10) This documents is structured on 4 main chapters: 

• Chapter 1 gives a general description the ERASMUS State of the art document; 
• Chapter 2 gives the State of the Art Approach and Methodology; 
• Chapter 3 gives Review and Analysis of the relevant materials and findings that will be 

taken into account to support the development of ERASMUS; 
• Chapter 4 provides the conclusions of the state of the art. 

(11) Chapter 3 offers two kinds of reading: 

• A “quick look” allows the reader to avoid the detailed material and findings applicable to 
ERASMUS, by reading sub chapter 3.x.5 – Useful considerations for ERASMUS - only. 
Just follow the sign   ☺ - quick look !  on chapter 3. 

 
• A complete access provides the reader with all the details about the materials and 

findings applicable to ERASMUS, by reading all of chapter 3.  

1.3. Document evolution & approval 

(12) The production and review cycles as defined in [4] are applied to produce this ERASMUS 
State of the art document. 

1.4. Reference material 

(13) The documents referenced in this document includes: 

[1] The EC ERASMUS contract TREN/06/FP6AE/S07.58518/518276; 
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[2] The ERASMUS Description Of Work (Released version – ERASMUS annex 1 – DOW – 
V1.0 ed 10 03 2006.doc); 

[3] The ERASMUS Consortium Agreement (Released version - ERASMUS - consortium 
agreement 1.2.doc); 

[4] ERASMUS Project Management Plan (Approved version – ERASMUS – Project 
Management Plan version 1.0). 

1.5. Definition, abbreviations and acronyms 

(14) Please, refer to the top-level document ERASMUS Glossary [2]. 

Table 1: Table of STATE OF THE ART Technical terms Definitions 
ERASMUS En Route Air Traffic Soft Management Ultimate System 
FMS Flight Management System 
TP Trajectory Prediction 
CPDLC Controller-Pilot Data Link Communication 
ATC Air Traffic Control 
ASAS Airborne Separation Assurance System 
DST Decision Support Tools  
CD&R Conflict Detection and Resolution 
TE Trajectory Engine (TE) 
UP Users Preferences 
FAA Federal Aviation Authority 
APM Aircraft Performance Model  
a/c aircraft 
ETA Estimated Times of Arrival 
RTA Required Time of Arrival 
FTE Flight Technical Error 
TI Trajectory integrity 
TAS True Air Speed 
CAS Calibrated speed 
TCP Trajectory Change Point 
TC Trajectory Change 

Table 2: Table of STATE OF THE ART terms: Human factors Definitions 
Activity Real aspects of the human work (= the effective task) 
ATCos Air Traffic Controllers 
ATHOS Airport Tower Harmonised cOntroller System 
Attention process Process by which controllers selectively concentre on one thing while 

ignoring other things 
Automation Ironies Review of the paradoxical or unexpected effects of the automation 

(principally at a human factor level, e.g. increase of the workload) 
Co-action Situation in where, at least, two agents (technical or human) potentially 

act on the same object, in the same temporal window, in a same 
geographic area 

COCOM COntextual COntrol Model. It corresponds to a functional model of 
human cognition in which intentions are determinant 

Cognitive economy Distribution (sustained by mechanisms and strategies) of the internal 
resources of the human in the activity achievement 

Cognitive process Human mental mechanism which are used during the activity 
achievement  

Commitment feeling Subjective commitment of the responsibility in the activity (to be 
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distinguished from the prescribed responsibility) 
CORA COnflict Resolution Assistant 
CSE Cognitive Systems Engineering  
CREED Conflict Risk Evaluation based on Expert Detection 
Difficulty feeling Human subjective assessment and actual experience of the difficulty 

which is related to a given situation  
Doubt management Process which is linked to the cognitive economy strategy and which 

aims at determine the adequate level of resources involvement in the 
diagnosis refinement according to the workload feeling 

EC Executive Controller 
ECOM Extended COntrol Model. It corresponds to a multi-level model of control 

comprising of Targeting, Monitoring, Regulating and Tracking 
ERATO En Route Air Traffic Organiser 
FR Free Routing 
HCA Human Computer Automation  
Human commitment Level, nature and process which determine the way in which the human 

involve its resources and his responsibility in his task  
HF  Human Factors: study of the human dimensions in a technical system 
HMI Human Machine Interface 
JCS Joint Cognitive System 
MFF Mediterranean Free Flight 
MONA MONitoring Aids 
MTCD Medium Term Conflict Detection 
PC Planning Controller 
Perceived risk  Subjective assessment of the level of conflict risk for a given traffic 

pattern, which is based on perceptive process   
Perceptive process Process by which controllers interpret and organize sensation to 

produce a meaningful understanding of the traffic situation 
Safety feeling Human subjective assessment of the safety 
SRK Skill based, Rule based and Knowledge based. It corresponds to a 

human performance model  
Task Prescribed aspects of the human work 
Workload feeling Human subjective assessment and actual experience of the 

taskload/workload which is related to a given situation 
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2. State of the art Approach and Methodology 

(15) Making a state of art is usually the first and inescapable step of a scientific process. It allows 
assessing the available knowledge and questions which are related to the research object and 
its issues. It gives the opportunity to learn from the experience and results gained in previous 
or ongoing projects and it provides elements to explicate the research problem, to formulate 
relevant hypothesis and to identify the research lines. 

(16) Concerning ERASMUS, this state of art concerns thematic issues, projects and standards. 

(17) To achieve it, the approach applied by the ERASMUS project is the following: 

• To identify the thematic issues to be investigated, 
• To set-up an analysis grid defining the indicators and metrics that will be used for the 

review, 
• To conduct the projects review, 
• To make a synthesis of the analysis, 
• To identify useful consideration for ERASMUS. 

2.1. Thematic Issues 

(18) For ERASMUS, the main issues concern the human computer automation, the air/ground 
capabilities, and the operational safety or complexity. Two streams were identified: 

• Human factors and safety: review the automation ironies, cognitive processes and 
specific strategies which are achieved in the different conditions of process control, 
modalities of a successful task simplification, socio-cognitive needs which determine the 
human commitment in task, effect of the automation on the activity performance, 
responsibility sharing and delegation, perceptive and attention process, safety and 
workload feeling, … 

• Technical factors: review the available knowledge of FMS capabilities, analysis of 
existing data-link communication application (i.e. CPLDC), analysis of results on ASAS 
and delegation of responsibilities concepts, analysis of medium term conflict detection 
issues and limitations, … 

(19) The goal of ERASMUS is to propose advanced automation concepts which keep the 
controllers and the pilot in the decision-making loop without generating a problematical 
distance between the controller and the traffic that he/she manages1. When extrapolating the 
present position and speed of each individual aircraft, the controller takes large margins of 
manoeuvre because of limited information accuracy. The fuzzy environment in which 
controllers work represents an area of autonomy in which the computer can act using GPS 
navigation precision, air/ground communication facilities and airborne flight management 
systems. Making the comparison of the cockpit autopilot making minor adjustments (roll axis, 
level control,) not perceivable by the pilot, the ATC automation system would use minor 
adjustments (vertical/horizontal speed, rate of climb/descent) to resolve major part of the 
conflicts. Such minor actions are not directly perceivable by the controllers and not in conflict 

                                                      
1  This principle is based on the lessons of the automation in several domains. One of the most issues of the automation is to 

keep the proximity between the human actor and the process that he has to control. Actually, if the operator looses the 
direct contact with the real process, he decreases the possibility to understand by himself the situation and thus, to react 
adaptively to it. He becomes too dependent on the machine and he is not able to make what is specifically expected from 
him.    
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with their actions and responsibilities. By safely and freely adjusting air speed via automatic 
control (changing the horizontal/vertical speed or rate of climb/descent), it is estimated that the 
residual number of conflicts that have to be taken into account by the controllers could be 
reduced very significantly (up to 50%). 

(20) To characterize its very global principle, one might say that ERASMUS aims to increase the 
productivity of the human ATC operator in proposing an automation aid which provides very 
efficient and targeted interventions. Based on applications allowing adjustments and precision, 
those interventions will probably not be a disruptive factor for the human actor. In order to 
achieve this, ERASMUS suggests exploiting: 

• the potential of technologies (FMS, Data-Link) which are currently available but partially, or 
not, used. Similar to the use of a cockpit autopilot, the ERASMUS concept will consist of 
using minor adjustments (of speed and rate) to resolve a large part of conflicts; 

• the offered margins by the current nature of the mental strategies which are used by the 
human operator in his or her traffic management activity (in taking advantage of the whole 
reasoning process). 

(21) Thus the fundamental originality of the ERASMUS concept is to reverse the traditional way to 
apprehend the ATM limits. It consists of turning the current problems into future solutions. In 
other words, it does not consist of suppressing the strong constraint (e.g. the human operator) 
but to find, inside it, an action space.  

(22) The required investigations to demonstrate the feasibility concern mainly: 

• the FMS trajectory prediction capabilities and the way to synchronise it with the Ground TP 
and Human conflict detection cognitive mechanism; 

• the transparency (subliminal) information/action notion: what situation awareness and 
actions do the automation systems and human actors, both on the ground and the air, 
perceive and conduct. 

(23) In consequence, the state-of-the-art will focus on a set of themes which represent key 
foundations for the ERAMUS viability and feasibility. It concerns: 

1) FMS trajectory prediction (accuracy & sensitivity): FMS trajectory prediction and FMS 
trajectory contracting need to be distinguished: 

• FMS trajectory prediction (FMS TP): The trajectory prediction process is an “open loop 
process”. It entails predicting a trajectory where the aircraft is expected to be for e.g., 
the next 20 minutes without guiding the aircraft to comply with the predicted points. 

• FMS trajectory contracting (FMS TC): The trajectory contracting process is a “closed 
loop” process, where the FMS is guiding the aircraft to comply with the prediction 
made for each point on the trajectory. 

For ERASMUS, we need to have a FMS trajectory Prediction with an associated accuracy 
and integrity. 

2) Aircraft speed management tolerance window in the en-route phase: In the 
ERASMUS framework, conflict resolution is supposed to be performed via small speed 
modifications. If a conflict is detected, the ground system needs to ask each FMS what its 
speed margins are for the next 20 minute leg(s) (the idea is to know how much we can 
increase or decrease the speed of an aircraft). Ideally the speed margins are computed as 
part of the predicted trajectory which is down linked to the ground.  Knowing the initial 
predicted trajectory and the speed margins, the ground system automatically builds 
modified trajectory predictions based on these speed modifications. Therefore the ground 
system is required to have a good description regarding the aircraft speed management 
tolerance window. 
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3) Data-Link Enabler Solutions: one of the key technical enabler of the ERASMUS concept 
will rely on air ground data link applications. From a technical implementation perspective, 
ERASMUS should require a set of co-operative air-ground exchanges. On ERASMUS, we 
need to identify the data link applications which could be possible ERASMUS enablers. 

4) Mechanism between the doubt management and the cognitive economy: the human 
ATC resources are cognitively saturated because they are mobilised to manage a dynamic 
environment where the uncertainty is permanent which does not allow the achievement of 
a traditional logic-mathematical reasoning. It is expected that the doubt management 
performed by the operator (e.g. conflict) represents the main part of this cost. AS a 
consequence, the doubt management optimisation should have a direct impact on the 
cognitive economy. 

5) Operator conflict perception versus doubt management: it is expected that the conflict 
perception has a direct link with the doubt management mechanisms. The human operator 
does not reason about the real flight trajectories but about the probable and usual 
trajectories. So the operator does not work on true conflicts but on potential ones. Thus, 
operators significantly increase their workload because they have to actively monitor the 
situation to verify that the real traffic behaviour is in accordance with the anticipated 
behaviour: operators spend their resources in a doubt removing process. As a 
consequence the conflict resolution taken by the aircraft shall have a direct impact on the 
operator conflict perception and on the doubt management process. 

6) Operator trajectory deviation perception versus doubt management: air traffic 
controllers are constantly monitoring the traffic to construct and reconstruct their own 
representation of the situation. This monitoring activity helps the controller to perceive 
deviations in flight trajectories. Trajectory deviations are a key factor in the mechanism of 
the doubt management cognitive process. It is expected that the trajectory deviation 
(speed adjustment) generated by the conflict resolution is not perceived by the operator, in 
order not to perturb the doubt management. 

7) Simplified traffic versus cognitive economy: when the traffic load is important, 
controllers develop an alternative option based on a perceptive process: they adjust the 
traffic to their expectations thus making their resources available. They decide that a 
potential conflict is a true one even if it is not, because it is painless compared to the doubt 
management process. The paradox is that controllers decrease their workload when 
increasing their conflict load perception. We expect a direct link between traffic 
simplifications provided by ERASMUS on the mental resources economy. 

8) Delegation of responsibilities (technical and human actors: ATC intervenes in an 
environment where the risk is high, i.e. where the consequences of an action may be very 
important, notably in terms of safety. Consequently, the quality and the precision of the 
responsibilities attribution for each system actors are essential. They have implications at 
a legal level but they determine the operational tasks and human strategies too: 
importance of the resources which are mobilised in the system management; modalities of 
the humans cooperation; modalities of the humans/machine collaboration; quality of the 
situation apprehension (stress, safety feeling, workload feeling, difficulty feeling and 
commitment feeling). 

9) Co-actions interferences (technical and human actors: introducing a new component 
(human or technical ones), which could act directly on the same object, at the same level 
and on the same geographic area than the current first line operators, supposes to 
introduce a co-action process. This questions issues concerning the negative effects and 
interferences of the co-action on the activity of the first line operators. 

10) Multiplicity, complexity and dependant control actions: introducing a new technical 
agent, which has the possibility to directly intervene on the resolution process by aircraft 
trajectory adjustments, supposes to consider issues in terms of potential complexity 
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increase. Thus, it may generate dependency on the control actions and consequently, 
rigidity on the global plan of resolution of the operators. 

11) Reliable and accurate information representation on the HMI CWP and cockpit 
environment: Representation of information on the HMI is of paramount importance in the 
cognitive process. Main characteristics concern the uncertainty related to the feature 
information. We can have reliable information taking into account margins (uncertainty) or 
accurate information with associated errors. 

12) Layered Planning: the ATCo’s work will in the context of the ERASMUS project be 
described by models that represent work as multiple, simultaneous levels of activities and 
cognition. These activities are guided by goals with different time horizons, ranging from 
high-level goals regarding the general traffic situation, goal setting for individual aircrafts to 
detailed instructions to aircrafts approaching the airfield(s). It is expected that the new 
ERASMUS organisation will enhance the layered planning mechanism and will not disturb 
it. 

Thematic to be studied 
FMS trajectory prediction (accuracy & sensitivity) 
Aircraft speed management tolerance window in the en-route phase 
Data-Link Enabler Solutions 
Mechanism between doubt management and cognitive economy 
Operator conflict perception versus doubt management 
Operator trajectory deviation perception versus doubt management 
Simplified traffic versus cognitive economy 
Delegation of responsibilities (technical and human actors) 
Co-action interferences (technical and human actors) 
Multiplicity, complexity and dependant control actions (i.e. sequencing) 
Reliable and accurate information representation on the HMI CWP and cockpit environment 
Layered Planning 

Table 3: Summary of Thematic to be studied 

2.2. Analysis grid set-up 

(24) To be useful, the analysis of each topic has to be structured through a set of limited points of 
investigation. In others words, the analysis grid set-up consists in defining what we want to 
search for each topic. It presents the problematic of the topic. 

(25) It requires highlighting the criteria to be fulfilled. Criteria should be defined in terms of 
indicators and metrics. For example, for the FMS trajectory prediction capabilities, the 
criteria/indicators should be accuracy, reliability, sensitivity. 

2.3. Projects review 

(26) It references the corpus of the state-of-art which is used. It is based on: 

• A targeted literature review: To list and briefly characterize the concepts and projects), in 
the ATM domain related to the ERASMUS issues, which have been evaluated. This 
concerns R&D ATM publications, EATMP and national programs and projects. As an 
example we may identify ERATO, ASAS, MTCD, AERA, CORA, CAMES, MSP, C-ATM, 
G2G, …  

• A complementary project review (if needed) to gather additional information (by 
interview of the project managers) not always available in publications. 
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2.4. Synthesis 

(27) To be usable, this state of art corresponds to a meta-analysis (i.e. a thematic analysis which is 
based on the synthesis of the concepts review). It consists in making an exploitable synthesis, 
matching the concept typology with criteria of content, methodology and assessment. This 
synthesis is presented on a table form. This table regroups different rows in order to 
characterise each concept: 

• Content: 

(a) Notions: the main notions, which are used in the project and that interest our 
concerns are listed and defined. Their acceptations and domain of reference have to 
be mentioned. For example, for the topic concerning the “simplified traffic and 
resources economy”, we have to indicate what the definition of the complexity is used 
in the reviewed project. 

(b) Context (if needed): indicates information which has to be added in order to better 
understand the results. For example, in the responsibility delegation topic, it seems 
necessary to know the nature of the tasks repartition between human and machine. 

(c) Results description: First, this part sums up the research object, its assumptions, its 
content lines and its type of tools. For example, for the automation concepts, it is 
important to distinguish them according to the nature of the proposed automation if we 
want to compare them. It is not the same philosophy, principles and consequences 
when the developed automation is prosthetics or orthetics, harmonised or residual, 
independent or autonomous with the human, partial or complete, and so on. Second, it 
specifies what the results of the project investigations are: which are the 
validated/refuted assumptions and/or the new data which have been obtained; what 
are the specific validated points (HMI, system logic, cognitive model, algorithms…). It 
concerns both qualitative and quantitative results. 

(d) Results analysis (if applicable): it consists to highlight the conclusions of the 
assumptions validation and the explanations/argumentations of the results. For 
example, what are the reasons of the assumption failures in reference to the model of 
analysis which is used? 

• Methodology: 
(a) Methods: It specifies the conditions of the validation (model based experimentation, 

rapid prototyping/real-time simulation, size of the users group, training tool or not…), 
the methodology of validation (nature of data and indicators, activity analysis, 
questionnaires, interviews…) and the criteria of validation (performance, safety, 
efficiency, cost, social acceptability, usability, technical feasibility, robustness, 
consistency). 

(b) Assessment/Validity of the results: It refers to a kind of “judgement” about the 
scientific aspects of the research: what are the identified limits? What are the trouble 
points which could reduce the generalisation of the results? Are the results 
reproducible or really reliable regarding to the experimental conditions? What are the 
weaknesses and the added value of the concept? 

(28) Additionally, a synthetic worded paragraph sometimes follows the table in order to sum up the 
general tendency of the results reviewed (for example, specifying if all the projects obtain the 
same conclusions). 

2.5. Useful consideration for ERASMUS 

(29) From the synthesis step, it consists to identify the relevant topics and results that need to be 
taken into account in the ERASMUS context. 
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3. Review and Analysis 

3.1. FMS Trajectory prediction 

3.1.1. Analysis Grid Set-up 

(30) The necessity of the integration of Flight Management System (FMS) within the Air Traffic 
Management (ATM) Systems for an effective Air Traffic Control (ATC) has been recognized 
since the late 80's (the Action Group of the Group for Aeronautical Research and Technology 
in Europe (GARTEUR)). One of the most important difficulties in this context is an insufficient 
level of the ground ATM automation. This fact was a motivation for intensive research and 
development of ground-based Decision Support Tools (DST) like CTAS or URET. 

(31) The trajectory prediction (TP) is a cornerstone for both the DST and the airborne FMS, but its 
function differs substantially in these two applications. Within a DST, the TP is basically used 
for the conflict detection and resolution (CD&R) and so the result is an approved conflict-free 
trajectory. On the contrary, the primary purpose of the FMS is the effective guidance of the 
aircraft (a/c) in accord with the flight plan, user preferences (UP), constraints (ATC, weather 
...), actual aircraft state, etc. In this context, the output is represented by the values of the 
control parameters that allow the pilot or autopilot to operate the aircraft along the generated 
trajectory, not the trajectory itself. This fundamental difference is essential to understanding 
the variance in the air/ground TP development. 

3.1.2. Projects Review 
 

3.1.2.1. Trajectory Synthesis 

(32) The detailed information about the FMS TP is not generally available outside the avionics 
manufacturers. This is for both security reasons and because there is a lot of customers-
sensitive information included in the concrete implementation. 

(33) The generic structure of trajectory predictors was recently a subject of a study within the 
FAA/EUROCONTROL Action Plan 16 (AP16) [1]. As the resulting block scheme is based on 
the comparison of various trajectory predictors, there are a lot of common features across 
FMS TP’s. Furthermore, the invented terminology is very useful and will be used throughout 
this paper. 

(34) The Trajectory Engine (TE) is the core of the trajectory predictor. It is based on the solution of 
the approximate equations of motion (typically a point-mass model), where the horizontal and 
vertical movement are artificially decoupled and the common solution is obtained through 
iterations. Numerical integration of the differential equations is typically done by some variant 
of the RungeKutta methods. As the aircraft is typically flown in accordance with various control 
objectives, such as speed, altitude, and heading, the TE uses these control objectives to 
further reduce the system complexity. 

(35) The input information required by the TE for the FMS trajectory synthesis can be classified as 
follows: 

• Flight intent – the flight plan inserted into the FMS before take-off. This plan (known on 
the ground) can be modified during the flight, e.g., by adding ATC constraints. The flight 
plan consists of a sequence of navigation points that are connected by the trajectory legs. 
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The FMS TP engine adds additional guidance points (so called pseudo-waypoints) 
indicating the changes in the flight control parameters. 

• User preferences – Airline Operating Centre (AOC) uses advanced flight planning 
systems to optimise the overall costs (time and fuel costs, the overflight charges, etc.) and 
to specify the preferred tracks and flight levels with respect to the known wind conditions. 
The FMS uses this information to generate User Preferred Trajectory (UPT) based on 
actual conditions. Furthermore, the flight crew is able to make tactical refinements of the 
UPT during the flight. A detailed analysis of the UPTs can be found, in the deliverables of 
the COURAGE consortium [2]. 

• Aircraft specific data – a very accurate Aircraft Performance Model (APM) using the 
actual information of the aircraft state (fuel, fuel flow, weight, ...), 

• Environmental data – weather information, 
• Sensor information describing the actual state (position, airspeed, temperature, 

pressure, etc.) of the aircraft. 

(36) According to AP16 terminology the flight intent and user preferences together define so-called 
Flight Scripts. The FMS contains models of the atmosphere, the aircraft's aerodynamics and 
engine characteristics, as well as the guidance system (control laws) that determines the 
appropriate control commands. 

3.1.2.2. Error Sources 

(37) There are many reasons why an aircraft does not fly exactly the predicted trajectory. The 
simple schema of the FMS environment and sources of error is shown in Figure 1. Previous 
studies have shown that the major issue for airborne TP accuracy is represented by the 
external sources of errors (see [3] and citations therein), namely, the weather forecast. Further 
limiting factors are represented by unknown controller intent, the navigation performance, 
simplified turn dynamics, Flight Technical Error (FTE), etc. 

(38) The DST sources of error are very similar but there are some important differences. For DST 
the current a/c position and speed are measured by radar while for an FMS this is performed 
by an onboard navigation system. Ground has sometimes on-line access to global weather 
predictions whereas the aircraft has accurate measurements of the local atmospheric 
conditions. While the FMS has accurate knowledge of the vehicle configuration, and actual 
weight, DST has to use an aircraft model from the database (e.g., BADA) with an estimation of 
the current a/c state (sometimes even for different airframe/engine). 
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Figure 1 : FMS Environment and Sources of Error (taken from [3]) 

(39) All future ATM concepts consider an increased exchange of information between air and 
ground. Two key issues are related to the uplink of the weather forecast data from the ground 
to the aircraft, and the downlink of the a/c intent and state information from the air to the 
ground. The projects related to the Aircraft Dependent Surveillance Broadcast (ADS-B) should 
be mentioned in this context (NEAN, NEAP, NUP, NUP2 ...). Actually, the data link capability 
of FMS follows the basics of the characteristics set out in ARINC 702A-1, but there is already 
an effort underway to ensure that the ARINC 702A-3 should also include some intent 
information. 

3.1.2.3. FMS Guidance – Trajectory Constraints 

(40) Today, the FMS guidance is based on the flight plan not on the reference trajectory. It means 
that the future trajectory is always generated considering the actual position and the effective 
flight plan while the deviation from the previously generated trajectory is not considered for the 
guidance purposes. Considering time aspects, just the Estimated Times of Arrival (ETA) are 
calculated for the waypoints along the path (although the Required Time of Arrival (RTA) 
capability is already implemented in the recent FMS's – see below). The ATM is completely 
ground-based. 

(41) The “4D tubes in space” concept (GARTEUR, ARC2000, PHARE, and AFAS) represents a 
different approach where the aircraft follows the approved trajectory (previously negotiated 
with the ground ATC) respecting the specific uncertainty bounds. In particular, the FMS/pilot is 
responsible that the aircraft will fly the trajectory within the agreed-upon limits. 

3.1.2.3.1. 4D Tubes 

(42) Probably the most extensive study of the 4D tubes concept was given within the PHARE 
project (1989-1999). It ended with three human-in-the-loop simulations including flight trials. 
For these purposes the Experimental FMS (EFMS) with 4D guidance capability was 
developed. The project showed the technical feasibility of the concept; however, the human 
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factors and the sensitivity to external source of errors (in particular weather and departure 
times) were not properly addressed.  A general problem with this concept is that it empowers 
flight planning at the cost of a loss of the tactical reactivity. The same concept was further 
studied within the program Aircraft in the Future ATM System (AFAS). 

(43) There are three types of tubes considered in the PHARE project, but only the contract tube is 
used by the airborne side. It is constructed around the generated trajectory during the 
air/ground negotiation process and represents for the a/c crew the maximal allowed deviations 
from the contracted trajectory.  In this way, the FTE is the only error considered once a 
trajectory has been contracted. In this context, the FMS TP assessment is almost 
meaningless, because, from the ATM perspective, the quality of the guidance system is more 
relevant. For illustration, during PD/1 demonstration the parameters of the default tube were: 
altitude ±300 ft, lateral limits ±0.5 nm, and time limits ±30 s. 

(44) The other two types of tubes used only by the ground are the error tube to estimate the 
possible differences between the ground and air trajectory predictions (it is used for 'what-if' 
CD&R modelling), and the large deviation tube which is a tube around the contract tube used 
for the conformance monitoring. 

(45) As part of the NASA VAMS program, Honeywell and Seagull Technologies developed a 
detailed trajectory negotiation process that takes advantage of the 4D FMS airborne capability 
to reduce the controller workload [4]. 

3.1.2.3.2. Required Time of Arrival (RTA) 

(46) The Required Time of Arrival (RTA) procedure which is already implemented in recent FMS’s 
developed by both Honeywell and Smiths, can be considered a preliminary step towards full 
4D capability. However, it seems that this capability is not really used by the ground ACC. 
There is already a lot of work performed by Honeywell in this context (see [5]). 

3.1.2.3.3. Continuous Descent Approach (CDA) 

(47) Continuous Descent Approach (CDA) is a terminal approach without the controller vectoring. 
In this concept, the aircraft follows the specific trajectory. This procedure has several 
advantages: noise reduction, fuel economy, simpler RTA guidance ... Actually the numerous 
in-depth studies are being performed in Europe, namely, by LVNL in Netherlands and by 
AVTECH in Sweden (several presentations on the COURAGE Workshop in Seville, June 
2006). 

(48) In the recent ATM research, there are various concepts considering the trajectory handling [6], 
but typically the 4D navigation together with some portion of the distributed traffic management 
is considered (DAG-TM, MFF, MA-AFAS, Co-Space,...). 

3.1.2.4. TP Assessment 

(49) The predicted trajectory is in the trajectory-based applications (like CD&R) usually assessed in 
terms of three key performances: 

• Accuracy – difference between the predicted trajectory and the trajectory really flown.  

• Reliability (integrity) – the probability that aircraft remains during the flight within some 
containment (flight envelope) of the nominal predicted trajectory. 

• Sensitivity to input data – measure how much the predicted trajectory is affected by the 
inaccuracies of the TP input data. 
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(50) However, as the trajectory was not yet considered as an output of the FMS, the exhaustive 
study of these performances for the airborne TP does not exist. Furthermore, the meaning and 
values of these performances are strongly dependent on the number and types of constraints 
imposed on the trajectory. As it is described below, it should be carefully considered if it is the 
TP which is assessed or rather the guidance system (FTE). 

(51) A big issue of the TP evaluation is in general the availability of the airborne flight data. On one 
hand, a special communication set is needed to record the FMS related data, on the other 
hand, this data is in general airline-sensitive and thus not widely available. 

3.1.2.4.1. Accuracy 

(52) The trajectory prediction (TP) error is obtained by the comparison of the predicted trajectory with 
the actual (flown) trajectory. The 4D variance between the true aircraft position and the predicted 
point is then usually split up as follows: 

Figure 2: 4D Trajectory error 

(53) The major problem concerning the error metrics definition lies in the ambiguous temporal 
correspondence between two points on different trajectories. In fact, there is not a universal 
method how to correlate two 4D paths and, consequently, there is neither a universal error 
metric suitable for all purposes. A discussion of this issue together with a demonstration of 
some possible metrics is given [7]. The ambiguity is related to the red marked divisions in 
Figure 2. 
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3.1.2.4.2. Space/Time 

(54) From the space/time error splitting point of view, it is possible to consider two extreme 
definitions of the discussed correspondence: 

• Time Matched Point Metric: the points corresponding to the same time are associating to 
each other (see Figure 3). In this way the temporal error is artificially reset and this metric 
can be thus considered as the “worst-case“ from the spatial point of view (it is also a 
natural choice for the 3D accuracy analysis). It should be used when an evaluation of the 
spatial accuracy is necessary. 

Figure 3 : Time Matched Metric 
• Closest Point Metric: a point is associated to the closest point on the second trajectory 

(see Figure 4). This metric in fact minimizes the total spatial error and it can be in this 
context considered like the opposite of the first one. It should be used for the analysis of 
the time-error. 

Figure 4: Closest Point Metric 
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3.1.2.4.3. Along/Cross-Track  

(55) Another ambiguity is related to the definition of the along-track direction. As the true (flown) 
trajectory is typically obtained like the result of noisy measurements (radar, GPS ...), the 
predicted trajectory is usually more suitable for purposes of the reference direction. Namely, a 
tangent of the predicted trajectory in the studied point can be used as the along-track 
reference. 

3.1.2.5. Trajectory Integrity  

(56) Trajectory integrity (TI) is defined in terms of a specific trajectory envelope and it corresponds 
to the probability level of this envelope, i.e., it is the probability that an aircraft remains within 
the envelope during the flight. This probabilistic trajectory treatment was introduced to ATM 
within the CD&R and a good review of the existing methods is given in [8]. It is possible to 
consider both 3D and 4D trajectory envelopes. An example of such envelope could be 4D 
tubes, however, note that in this case, it is rather the quality of the guidance system rather 
than the quality of the TP that is assessed. 

3.1.2.6. FMS TP Sensitivity 

(57) The extensive study of the FMS and CTAS TP were given in the PhD thesis of Mike Jackson 
[3]. The CTAS-based TE model is used for a non-linear simulation of the descent trajectory 
(nominal, fast and slow profile). The accuracy is analysed by comparing two non-linear 
simulations with and without a perturbation, and via computation of the sensitivities obtained 
through constrained liberalisation method. Both the bare TE and the system with a model of 
the guidance feedback are studied (two models are used – one similar to CTAS-constrained 
procedure and one modelling the FMS behaviour). Several control objectives are considered 
and their impact on the error propagation is discussed. The perturbations are based on the 
previous CTAS field testing. The most important results were published in paper [9]. 

(58) Another TP sensitivity study is given under AP16 framework by Stephane Mondoloni et al. 
[10]. Although this work is not completed yet, a large amount of the work is already done. It is 
based on the TE simulation and the accuracy is again obtained by a comparison of the 
simulations of the perturbed and unperturbed system. While it is primarily ground TP related 
work, some of the results are also interesting from the airborne point of view (in particular wind 
and wind gradient issues). There is also some statistical analysis based on a random selection 
of flight plans filed for the NAS. 

3.1.2.7. Weather Forecast 

(59) Today, typically only the weather information (in particular wind and temperature) at the 
waypoints of the initial flight plan are used for the weather forecast. As the onboard sensors 
provide the actual local weather information, interpolation between the local values and the 
stored (often hours old) values in the following waypoint is used for the trajectory generation. 
In the context of the unavailability of the relevant data, the implemented atmospheric models 
feel the lack of some features (e.g. neglect of the vertical wind gradient) or are oversimplified 
(ISA+∆ temperature model). 

(60) A considerable effort is devoted to the improvement of the weather forecast for air traffic 
purposes, notably the Rapid Update Cycle (RUC) that runs every 1 h (in a version RUC-2). 
The high frequency data is obtained by using information from commercial aircraft using the 
Aircraft Communications, Addressing, and Reporting System (ACARS), wind profiles from 
various kinds of vertically pointing radars, surface observations, and estimates of moisture and 
winds from satellites (see [11]). 
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3.1.2.8. TP Related Projects 
 

3.1.2.8.1. Action Plan 16  

(61) Considering the general role of TP in the ATM process, a large amount of the work was 
provided over the last years within the FAA/EUROCONTROL CARE-TP and Action Plan 16 
(AP16) initiatives (Common Trajectory Prediction) to converge on different lines of TP 
development. Their work, especially from the system design point of view, is very useful and 
can be applied across the broad range of applications. 

(62) First, a detailed analysis of the TP process and of its different functional block has been done 
(see [1] and the references therein) as well as a definition of some common terminology [12]. 

(63) Trajectory Prediction Markup Language (TPML) [13] based on the Extensible Markup 
Language (XML) was developed. It is used to describe the predicted trajectory including 
weather information. The trajectory is described in a similar manner as in CTAS, i.e., in terms 
of four profiles: speed, altitude, thrust, and lateral profile. Each segment of the trajectory is 
specified in terms of its starting condition, the modelling used during integration to arrive at the 
end of the segment, and the capture (end) condition. 

(64) Aircraft Intent Description Language (AIDL) [14] is a possible way to describe and transfer the 
aircraft intent for the ATC. 

(65) The extensive sensitivity studies that were performed in the framework of AP16 considered 
many different input parameters [15], [10], [16]. Although these studies were performed on 
some generic TP, as there are a lot of common elements of the trajectory engines in each TP, 
the results are very useful for the FMS study. 

(66) Aircraft performance model (APM) databases were created (BADA, GAME). 

(67) Finally, a big effort was spent on the elaboration of a common validation methodology [17], 
and to define a suitable set of metrics for the TP evaluation [7]. They also built a validation 
database containing several flight data sets and some software tools simplifying the access. 

3.1.2.8.2. Similar Projects 

(68) Similar projects include the VAFORIT (Very Advanced Data Processing Operational 
Requirements Implementation) project of DFS, AENA, and UK NATS following ITEC-eFDP 
(Interoperability through European Collaboration) framework. According to the accessible 
information, the project covers the complete air traffic simulation including advanced TP, 
MTCD&R (Medium Term CD&R), conformance monitoring, etc. Another TP related project is 
the Co flight eFDP solved by a consortium formed by Thales and SELEX SI (cooperated with 
DNA, ENAV, and Skyguide). 
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3.1.4. Synthesis 
FMS Trajectory Prediction 

 Content Methodology 
Sources Notions/Criteria Context Results description Results analysis Methods Assessment/ 

Validity 

    [3,9] FMS/CTAS TP 
Sensitivity Analysis   Theoretical study using the 

constrained linearization 

Different control objectives have a strong 
impact on the error propagation. The 
horizontal wind error is the most significant 
source of final time errors. 

Numerical simulation and 
constrained linearization 

Useful theoretical 
study 

Honeywell 
[5] RTA algorithms  Detailed description of the RTA 

algorithms  Definition of algorithm Applicable 

AP 16 
[1,12] TP Structure  

Block structure of a general TP 
process and the related 
terminology 

 
Comparison and analysis of 
several ground trajectory 
predictors. 

Ground-based but 
mostly applicable 

AP 16 [13] TPML  XML-based language for the 
trajectory description  XML Applicable 

AP 16 [14] AIDL  The formal language for the 
aircraft intent description  Formal language theory Applicable concept 

AP 16 
[15,10,16] Sensitivity Analysis  In progress Sensitivity analysis of the ground 

based TP. 
Not completed, the reference model is not 
the same as in FMS. Numerical simulation 

Mainly ground TP, 
some aspects 
useful  

AP 16 
[7,17] 

TP validation and 
evaluation  The common TP validation and 

evaluation methodology  Flight data db, metrics, test 
harness Useful 

ARINC 
702A-3 

Communication 
characteristics  FMS communication with the 

intent information included  Standard Possible future 
standard 

Honeywell
, Seagull 

[4] 
4D trajectory    4D Trajectory negotiation  Definition of procedure Applicable 
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3.1.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(69) As it was said, the primary purpose of an FMS is aircraft guidance. ATM/FMS integration requires 
studies that were not really performed so far. It includes detailed sensitivity and accuracy studies, the 
probabilistic treatment of the generated trajectory, etc. However, a big issue in this context is the 
availability of the airborne flight data. To record such data, integrated air and ground-generated data 
gathered during flight trails, or specialized FMS and aircraft validation environments such as the 
Honeywell validation facility are needed to provide real or simulated flight data that allows such kind of 
analysis. 

(70) Considering the useful results, communication with the AP16 team should be maintained. In particular, 
their TMPL represents a very flexible tool to describe any predicted trajectory. Also their common 
approach to validation and evaluation methods is very important for the assessment of the developed 
TP performance. The AP 16 sensitivity studies and the work of Mike Jackson can be used as a starting 
point for our more detailed analysis and can be used for the concept development. The RTA capability 
should be considered within the concept definition. 
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3.2. Aircraft speed management tolerance window in the en-route phase 

3.2.1. Analysis Grid Set-up 

(71) The flight envelope or performance envelope of an aircraft refers to the capabilities of its design in 
terms of speed and altitude. The term is somewhat loosely applied, and can also refer to other 
measurements such as manoeuvrability. When a plane is pushed too hard, for instance by diving it at 
high speeds, it is said to be flown "outside the envelope", something considered rather dangerous. 

(72) For Air Traffic Management (ATM), knowledge of the performance of an aircraft is important. The 
aircraft performance is one of the components influencing trajectory predictions that are used, for 
example, in conflict detection tools. 

(73) The influence of input data like gross weight and outside air temperature on the flight envelope of the 
aircraft is of interest, as the actual flight envelope indicates the capabilities of the aircraft to change its 
state e.g., slow down or change altitude at the ATC controllers’ direction to prevent future conflicts. 

3.2.1.1. Theoretical background 

(74) The parameters used in the calculation of the flight envelope are interpreted as follows: 

• True Air Speed (TAS) is a measure of the speed of the aircraft relative to the air mass in which it 
is flying. This speed is important for navigational purposes. 

• Calibrated Air Speed (CAS) is found from an instrument which senses the ram air pressure in a 
forward facing tube (the pilot tube) and compares it to the ambient pressure. CAS is not the same 
as TAS (except at sea level). 

(75) Mach (M) is the ratio of aircraft TAS to the local speed of sound at the current aircraft altitude. 

 

 

where θ is the ratio of local temperature to standard sea level temperature. 

(76) M is related to CAS by the ratio of local pressure to standard sea level pressure. Both CAS and Mach 
are used for Performance calculations (see below), since most aerodynamic characteristics involve 
calculations with these speed types. 

 

 

 

Figure 5 : A typical shape of the speed 
envelope using TAS 

 

 

 

 

M = TAS / (661,5 * sqrt (θ)) 
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(77) The physical flight envelope is limited by a stall speed, a buffeting speed, a maximum altitude and a 
maximum operating speed (Vmo/Mmo – for airspeed/Mach number area). Figure 5 and figure 6 show 
the typical shape of speed envelopes using TAS and CAS, respectively. The minimum speed is limited 
by the stall speed at lower altitudes and the buffet speed at higher altitudes. The maximum operating 
limit speed (Vmo/Mmo) is normally limited by the structural strength of the aircraft (for both the CAS 
and the Mach areas), but for some aircraft can be limited by the amount of thrust available. The 
maximum altitude is either limited by the available engine thrust or by the maximum certified altitude of 
the aircraft. Ground speed is the speed of an aircraft in relation to the ground. It is the speed that pilot 
gets from the navigation, and that air traffic controller sees on the radar. More detailed description of 
these limiting phenomena can be found in [1]. 

 

 

 

 

 

 

 

 

 

 

Figure 6 : A typical shape of the speed envelope using CAS (adopted from [1]) 
 

3.2.1.2. Speed envelope in the FMS 

(78) A FMS (Flight Management System) is required to produce control speeds which must be within the 
maximum and minimum safe and comfortable speed limits of the aircraft. The limits are sometimes 
different from the physical ones, and are given by 

a) Performance function of a FMS:  

Performance management is a function implemented by the FMS. Based on precise aircraft 
performance models, the FMS is capable of computing optimised flight profiles minimizing 
operational costs or meeting any other criterion, subject to a variety of constraints. 

As part of the underlying aircraft performance model, the aircraft flight envelope model enables the 
possibility of surveying if the aircraft dynamics are within the appropriate safety margins regarding 
structural and operational flight limitations. 

As the aircraft performance degrades with service time, the performance management function 
also monitors and tunes the internal performance model so that the required accuracy regarding 
performance computations is guaranteed along the aircraft service life [2]. 

To compute an aircrafts’ speed envelope many inputs are necessary (e.g., aircraft external 
configuration positions, phase of flight, speed limits, gross weight, altitude, speed limits from 
external systems,…). The speed envelope function is primarily mechanized and implemented 
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through lookup tables. These tables are highly aircraft specific and often contain more than 1 MB 
of data. They are provided by the aircraft manufacturer. 

b) Comfort margins:  

Passenger comfort must also be taken into account for the speed envelope considerations. The 
studies based on flight tests and passengers’ subjective evaluation (e.g., [3]) provides information 
about the least pleasant manoeuvres and/or their combinations. The corresponding constraints in 
terms of manoeuvres limits are then involved in the flight planning phase. 

The typical constraints are the extreme bank and pitch angles, flying out of turbulence, keeping 
speed in the comfortable ranges, and limit speed brake usage. Airlines also often specify a 
maximum allowable manoeuvre margin of 1.3 g [4]. 

Some FMS’s (e.g., Honeywell) reduces the high speed by 5 or 10 knots to allow for some slop. 

c) Airline preferences: 

Another factor limiting the manoeuvrability of the aircraft comes from the airlines’ policies and 
preferences. In order to ensure cost effectiveness, airlines establish optimised Cost Index (CI) 
values for each aircraft type equipped with an FMS or other onboard systems capable of CI 
optimisation. The CI reflects the balance between the fuel cost and other time-based costs. Since 
fuel costs and time costs vary with the route, the CI should be route specific. Airline policy can 
determine a maximum CI index beyond which excessive fuel is consumed for little time gain. It 
may also define preferred speeds and routings for an individual flight. 

While departing on time is important, arriving on schedule is even more critical. When a delayed 
arrival is forecasted, an analysis is often made by airlines to determine whether or not the time 
should be recovered in flight, based on an analysis of the cost of the late arrival. This information is 
then communicated to the ATC. 

d) Special considerations: 

The special considerations may include various design effects, such as wing tip tanks (full or 
empty), that modify the speed envelope. The FMS anticipates the future speed envelope when 
planning the descent path, but these limits may differ from limits valid when the path is actually 
flown [8]. 

3.2.1.3. Flight envelope protection 

(79) There are three types of flight control systems used in commercial transport aircraft [9]: 

a) Conventional hydraulic/mechanical – uses aural, visual and tactical systems to warn the pilot. 
Usually, these warnings can be overridden by the pilot. 

b) Hard protection – a fly-by-wire control system that prevents the pilot from exceeding the 
envelope. In case of sensor malfunctions and consequent false stall warnings, aircraft control can 
be lost, i.e. slow speed, needed for safe landing, cannot be selected unless an alternate control 
mode is switched on. This is incorporated by Airbus. 

c) Soft protection – a fly-by-wire control system that suggests and warns. The pilot is still able to 
stall, over-speed etc, when necessary or desired. This is incorporated by Boeing. 

3.2.2. Projects Review 

(80) Projects related to the speed management tolerance window can be divided into two groups: projects 
that endeavour to model the flight envelope for the purpose of ground based calculations, simulations, 
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research etc., and projects like ERASMUS that have to deal with the limitations dictated by the speed 
envelope. 

3.2.2.1. Aircraft Performance Models 

(81) Aircraft performance modelling is done in different ways, depending upon the needs of a particular 
type of simulation. This ranges from the highest degree of sophistication found in the 6-degrees-of-
freedom models used within the full-motion simulators intended to train aircrews, down to the very 
simple, altitude-band based models that are still being used extensively by flow-planning centres. 

(82) There are two different models used within EUROCONTROL: 

a) The General Aircraft Modelling Environment (GAME); 
b) Base of Aircraft Data (BADA). 

(83) The aircraft performance model defines the performance of the aircraft in the vertical plane, the 
acceleration/deceleration capabilities and the operational flight envelope within which the aircraft can 
be safely operated. 

(84) There are two main approaches to aircraft performance modelling for ATM applications (e.g. Decision 
Support Tools): the kinetic approach, which aims to model the forces that influence the aircraft, and the 
kinematic approach, which directly models the path characteristics of the aircraft. GAME [7] represents 
the kinematic approach and BADA [8], which was developed to support en-route ATC simulations, 
represents the kinetic (“pseudo kinetic”) approach. Both of them contain information about limitations 
of particular aircraft. Unlike in an FMS, the speed limits (stall speed, buffeting speed and derived 
minimum Mach, CAS and TAS) are modelled by polynomial functions with dimensionless parameters 
representing the different aircraft. The independent variables are mass for stall speed and mass and 
altitude for buffeting speed. BADA also uses the reference area, actual pressure and weight. The 
comparison of both approaches is discussed in [8] and [12]. 

(85) The maximum Mach, TAS, CAS and operational altitude are implemented as values specified by the 
aircraft manufacturer. 

(86) From tests it follows that, unlike BADA, GAME is as accurate as CTAS (5 % accuracy for the vertical 
speed) and is also three times faster. 

(87) En route CTAS (Center-TRACON Automation System) tools work with user-defined speed and altitude 
constraints stored in CTAS files. The range of controller advisories generated by CTAS is limited by 
these constraints. 

(88) ICAO maintains a list of about 2000 aircraft type identifiers. If the aircraft has a different engine 
configuration, the difference in performance can be considerable. 

(89) BADA 3.6 contains tables for 295 aircraft types of which 91 are supported directly, i.e. there are data 
files for them, and others are supported indirectly through equivalence. Version 4.0 is under 
development. 

(90) Literature [12] refers that in GAME only 28 aircraft types have been modelled so far. CTAS files exist 
for more than 400 aircraft. 

3.2.2.2. Manufacturers’ reference data 

(91) The level of detail provided by the simplest models based on look-up tables is such that the 
information can be extracted from publicly available sources, such as Jane’s Aircraft of the World. 
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(92) The aircraft performance data in GAME and BADA come from aircraft manufacturers. The process 
may be complicated due to IP Right issues, confidential data and other commercial interest. 

(93) Programs (such as INFLT/REPORT and OPAL provided by Boeing) [12] exist that are used for 
production of Operations Manuals, Flight Planning Performance Manuals and tabular data for 
dispatching. Thanks to cooperation with Boeing Aerospace, CTAS now contains accurate 
representation of Boeing and McDonnell-Douglas aircraft. 

(94) Lacking real-time weight and speed schedule data, CTAS uses aircraft-specific nominal values. File 
entries for aircraft without airframe manufacturer data are referenced to the most appropriate model. 
For flight and descent CAS, CTAS uses static values obtained from stored company preference 
information. These values are designed to maximize fuel efficiency for a given aircraft type. 

(95) Although manufacturers’ models can provide very detailed information, compressed versions are used 
due to high dimension of databases and computation speed. 

3.2.2.3. Other modelling-related projects 

(96) Standard Aircraft Modelling Interface (SAMI) is a project that aims to create an interface to multiple 
aircraft performance models. It is a joint venture of EUROCONTROL and Deutsche FlugSicherung. 
[15]. 

(97) Aircraft Performance Evaluation Platform (PAMPA) by EUROCONTROL aims to being able to 
compare and assess the outputs of the different performance models against the reference data from 
manufacturers. It is an optional work package of EUROCONTROL initiative CARE/TP. [16]. 

3.2.2.4. Projects dealing with the speed management tolerance window 

(98) The aim of changing the flight intentions is not anything new to the air traffic management related 
research, such as C-ATM (Cooperative Air Traffic Management) [13] or FAM CAMES [14].  

(99) But ‘subliminal control’, as defined in ERASMUS, is probably the first of its kind, and special 
consideration of speed management has to be taken.   

(100) The possibility of communicating some parameters, such as weight, periodically from aircraft to ATM 
was considered in En Route Data Exchange (EDT) project, which was performed by Seagull 
Technology, Inc. and NASA Ames. The aircraft-specific performance data, that does not change from 
flight to flight, was planned to be transmitted to ATM from AOC (Airline Operational Control). [11] 
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3.2.4. Synthesis 
 

 Content Methodology 
Sou
rces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ Validity 

[1] Definition of the speed 
envelope and its 
boundaries. 

Flight envelope comes directly 
from physical limitations. 

 Definitions, formulae, 
graphs. 

Theoretic results. Unlimited 

[2] Avionics evaluation with 
respect to future concepts. 

Innovative ATM has a direct 
relation to future avionics. 

  Analysis, overview. Estimate of future. 

[3] Manoeuvres evaluation. Part of passenger comfort. Global view of passenger ride quality. Comfort model 
presented. 

Subjective rating, 
based on flight tests. 

Generally applicable 
approach. 

[4] Passenger comfort 
discussed. 

Consideration for user preferred 
trajectories. 

  Definitions. Contemporary. 

[5] Description of Performance 
(part of FMS) 

Flight envelope is computed in 
Performance. 

Description of limiting phenomena.  Existing FMS 
description. 

Written in 1993, but 
most of it still valid. 

[6] Description of GAME. GAME is a model of aircraft 
performance, incl. flight envelope. 

  Model description 
and explanation. 

Describes the model 
as it was in 2002. 

[7] Comparison of BADA and 
GAME. 

In BADA and GAME simplified 
aircraft performance model is 
implemented. 

Comparisons of: 
a) Average approximation errors in 

vertical speed 
b) Calculation performance 

GAME more accurate 
than BADA and at least 
three times faster. 

Testing. Relates to the 
versions from 2003. 

[8] Comparison of FMS and 
CTAS trajectory 
characteristics. 

Contains interesting information 
about the speed envelope used in 
real FMS. 

Specifying information. The speed envelope may 
be very state-dependent. 

Analysis + testing. Valid for Honeywell 
FMS for a definite set 

of aircraft. 
[9] Flight envelope protections. Technical implementation of flight 

envelope protection. 
Description. Three types existing. Analysis, description. Valid for contemporary 

aircraft. Written in 
1999. 

[10] CTAS. CTAS contains flight envelope 
representation. 

Validation, description. Review of trajectory 
prediction errors. 

Validation. From 2000. 

[11] Assessment of EDX project. Considers transmitting important 
parameters. 

Analysis of two baselines, several 
EDX cases and benefits. 

 Analysis, 
judgements. 

A potential solution for 
future. 

[12] Performance models. General information about some 
performance models. 

Comparison of models, description of 
data sources. 

 Overview. Current (2003) 
information. 
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3.2.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(101) The flight envelope is a boundary constraint for each change of the flight. Every time such a change is 
proposed, for example during conflict resolution, by subliminal control etc., the flight envelope of the 
involved aircraft has to be known. It applies to the air and ground, depending on where the potential 
demand of flight change will be coming from. 

(102) In case that slight changes play an important role, and precise information about the actual flight 
envelope is needed, the next solutions are possible: 

a) Air to air/ground communication; 
b) Precise and reliable modelling; 
c) A combination of a) and b). 

(103) The air to ground communication (possibly fully automated) should be a kind of information exchange 
between the aircraft and the human or machine in order to prevent uncomfortable, or even dangerous, 
manoeuvres outside of the speed envelope. Modelling is today’s practice: it should be considered 
whether it will also be sufficient in the future. The combination of these methods could lie in 
transferring actual data needed for more precise modelling, like actual weight etc. (see [11]). 

(104) The advantages and drawbacks of all possible solutions should also be considered with respect to 
other limitations (time, datalink capacity, modelling precision, operational issues). 

(105) Nevertheless, only manoeuvres safely inside the performance envelope should be considered for 
applications within ERASMUS, such as subliminal control, and the current performance of CTAS 
(possibly improved by receiving some temporary information from the aircraft) should be satisfactory. 

(106) In any case, as also emphasized in [12], input data to all ATM applications should be the same, which 
would result in the same estimate of the operational flight envelope. As the airspace capacity is the 
interest of aircraft manufacturers, they should be encouraged to provide aircraft performance data to 
the ATM aircraft performance modellers. 
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3.3. Data-Link Enabler Solutions 

3.3.1. Analysis Grid Set-up 

(107) One of the key technical enabler of the ERASMUS concept will rely on air ground data link 
applications. From a technical implementation perspective, ERASMUS should require the following co-
operative air-ground exchanges: 

• uplink meteorological information available on the ground (Airlines Operation or ATC centres) to 
the aircraft to improve the FMS prediction, 

• downlink aircraft predicted trajectory and state (and local weather) information to provide the 
ground ATC system with an accurate trajectory prediction capability, 

• uplink clearances to the aircraft/flight crew to adjust speed manoeuvres for example. 

(108) Consequently, this state of the art analysis focuses on the following datalink applications being 
perceived as possible ERASMUS enablers: 

• Flight Information Services-Broadcast (FIS-B) application that could be a solution to uplink 
meteorological information to the aircraft, 

• Automatic Dependent Surveillance – Broadcast and Contract (ADS-B; ADS-C) that could be 
used to downlink predicted trajectory and aircraft state information to the ATC ground system, 

• Controller-Pilot Data Link Communication (CPDLC) that could be used to uplink clearances 
(speed, etc…). 

(109) For these applications, the main criteria/indicators used for the analysis are: 

• Availability of data (i.e. is a given application able to provide expected data or alternatively, which 
data supported by a given application can be useful for ERASMUS?), 

• Quantization of data (i.e. is the quantization of data sufficient for the ERASMUS concept?), 
• Evaluation of the number of aircraft equipped with such datalink applications. 

3.3.2. Projects Review 
 

3.3.2.1. ADS-C Application (FANS1/A & ADS-C / ATN) 

(110) ADS-C FANS1/A application enables an ATS unit to receive position information and aircraft intent 
information from the FMS via datalink over the Aircraft Communications Addressing and Reporting 
System (ACARS) network. 

(111) The ERASMUS concept being focused on En-route domestic airspace with radar coverage, there is no 
fundamental need for the ATS unit to use the ADS-C Basic group containing the current aircraft 
position. Conversely, aircraft intent information such as those contained in the ADS Predicted Route 
Group, Intermediate Projected Intent group and Fixed Projected Intent group, can be useful for the 
ATS Unit in order to compute an accurate aircraft trajectory prediction. Table 4 lists the parameters 
available through these ADS reports. 



 
                      ERASMUS
State of the art - V 1.2

 

ERASMUS - RELEASED - WP2 - D 2 1 - V 1.2.doc 

Revision date - 8/01/2007                                                                                                       - Page 39 of 116 - 

 

Predicted route Group Intermediate Projected Intent 
Group (1) 

Fixed Projected Intent Group (2) 

Time stamp Time stamp Time stamp 
Latitude at next waypoint Distance to intermediate waypoint Fixed waypoint predicted latitude 
Longitude at next waypoint True track to intermediate waypoint Fixed waypoint predicted longitude 
Altitude at next waypoint Predicted altitude at intermediate 

waypoint 
Fixed waypoint predicted altitude 

ETA at next waypoint Predicted ETA at Intermediate 
waypoint 

Fixed waypoint projected time 

Latitude at next+1 waypoint   
Longitude at next+1 
waypoint 

  

Altitude at next+1 waypoint   
Table 4 : FANS1/A ADS-C report parameters 

(112) These three groups can be received periodically (up to 5 min. in normal situation) by the ATS unit 
according to a contract previously established between the ATS unit and the aircraft or after an "on-
demand" contract. Predicted route group parameters can also be down linked after each waypoint 
update if the ATS unit previously requested a Waypoint change event contract. 

(113) Intermediate Projected intent Group contains up to 10 intermediate intent points from the FMS active 
primary flight plan. 

(114) When the Aircraft Intent Group is required, the fixed projected point is determined by the predicted 
location of the aircraft in X minutes, where X is the aircraft intent projection time contained in the 
periodic contract request. 

(115) The quantization of the main FANS ADS-C parameters is as follow: 

Parameter Approx LSB 
value 

Latitude 0.000172° 
Longitude 0.000172° 
Altitude 4 feet 
Time stamp 0.125 sec. 
True track angle 0.08789° 
ETA 1 sec. 
Projected time 1 sec. 
Table 5 : Quantization of main ADS-C parameters 

(116) Such quantization appears to be sufficient for ERASMUS. 

(117) FANS1/A long-range aircraft represent today approximately 1500 aircraft and will represent 3000 long-
range aircraft by 2009. 

(118) FANS1/A aircraft data link equipage are as follows: 

• All current production Boeing models offer FANS-1, 
• Also available on many Boeing out-of-production models including 757, MD-90, MD-10, MD-11 

and 747-200/300, 
• Boeing B777 and B747-400 has FANS-1 capability as basic equipage, 
• Airbus A330 and A340 aircraft have FANS-A capability as basic equipage, 
• Airbus A320 will offer FANS-A as an option, 
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• Boeing & Airbus future models (B787, A370, A380 and A400M) will offer FANS1/A capability. 

(119) ADS-C ATN standard enables the downlink of more aircraft state information in comparison with 
FANS1/A. Of main interest is the Extended Projected Profile group which can contain the waypoints 
and associated Estimated Time of Overflight of the route (up to 128 waypoints). However, no 
implementation is currently available on commercial aircraft and implementation is dependent on 
airlines request which is difficult to evaluate. 

3.3.2.2. ADS-B Application 

(120) ADS-B application is a technology where aircraft avionics autonomously broadcast the aircraft 
position, altitude, velocity and other parameters. The data is broadcast to all listeners in contrast to 
ADS-C, where point to point communication is established for data transfer. ADS-B data can be 
broadcasted via several communication techniques (UAT, 1090 Extended Squitted and VDL4). 

(121) The ADS-B specification in RTCA/DO242A identifies three types of reports: 

• Surveillance State vector report, 
• Mode-Status vector report, 
• and various on-condition reports that includes the following report type: 

• Status Change Report, 
• Air Referenced Velocity Report, 
• Target State Report, 
• Trajectory Change Report (TC+0 or TC+n reports), 
• and other on-condition reports which may possibly be defined in future MASPS version. 

(122) Among these reports, three of them can be especially useful in ERASMUS for estimating the flight 
trajectory. The first report type is the State Vector (SV) report, which contains the aircraft's 3D position 
and velocity. The second report type is the Target State report (TS) which contains information on the 
horizontal and vertical targets of an aircrafts’ flight guidance system for the current flight segment. The 
third interesting report is the Trajectory Change (TC) report which describes the characteristics of one 
Trajectory Change Point (TCP) and its preceding flight segment. These characteristics include latitude 
and longitude, track to and from the TCP, turn radius, expected crossing altitude and time and various 
conformance tags. Multiple TC reports are used to describe the series of TCPs that comprise a portion 
of either the command or the planned trajectory of the aircraft. 

(123) It has to be noted that although the TC Report is defined in DO242A, operational applications and 
resulting broadcast requirements are still under development. 

(124) For the implementation of ADS-B using 1090 Mhz Extented Squitter technology which is compliant 
with EUROCONTROL policy (proposed mandate to equip aircraft with Elementary / Enhanced 
Surveillance transponders in certain European country from 2004), DO260A proposes a different 
Trajectory Change report which can convey the Trajectory Change information associated with TC+0 
and TC+1. Here again, the DO260A proposes a possible TC Report over 1090ES link although 
operational applications and resulting requirements are not well defined. 

(125) The situation on both DO242A and DO260A clearly shows that there is a strong will to broadcast 
aircraft trajectory information to the ATC ground systems through ADS-B. 

3.3.2.3. CPDLC Applications (FANS1/A & CPDLC/ATN) 

(126) Both FANS1/A and ATN CPDLC applications enable controllers and pilots to communicate via datalink 
through the ACARS network or ATN. Such communications are allowed between the ATS unit 
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responsible for the flight and the pilot through a notion of "next and current data authority". Only the 
current data authority can exchange operational CPDLC messages with the aircraft. Before 
transferring the aircraft to the next ATS unit, the current ATS unit indicates the "next data authority" to 
the aircraft to allow the continuation of CPDLC communication with this next ATS unit. 

(127) Some CPDLC messages that could be used by ERASMUS are given as examples in Table 6. 

Candidate CPDLC clearances for ERASMUS 
CLIMB AT [vertical rate] MINIMUM 
CLIMB AT [vertical rate] MAXIMUM 
DESCENT AT [vertical rate] MINIMUM 
DESCENT AT [vertical rate] MAXIMUM 
CROSS [position] AT [altitude] 
CROSS [position] AT [time] 
INCREASE SPEED TO [speed] 
REDUCE SPEED TO [speed] 
RESUME NORMAL SPEED 

Table 6 : Examples of candidate CPDLC clearances for ERASMUS concept 

(128) Speed and vertical rate can be expressed in different units as shown in Table 7. 

Unit Quantization 
Indicated speed 10 Knots 
True speed 10 Knots 
Ground speed 10 Knots 
Mach speed 0.01 Mach 
Vertical rate 100 feet/minute 

Table 7: Speed units and quantization 

(129) As indicated by its name, CPDLC application is designed to exchange clearances or messages 
between controllers and pilots. However, it is interesting to note that no technical limitation prevents 
the ATC ground system to automatically send some CPDLC messages (without controllers' 
intervention).  For the airborne side, this feature is not applicable as this function was certified with the 
assumption that the pilot will always be in the loop, i.e., all clearances are presented to the pilot. For 
each received clearance (or messages), the pilot then accepts and performs the required action or 
rejects the clearance. Consequently, there is no on-board automation allowing a direct implementation 
of a received clearance by the aircraft avionics. 

3.3.2.4. FIS Application 

(130) The FIS application allows a pilot to request and receive Flight Information Service from ground FIS 
systems. This application is designed to enable FIS services to be provided to a pilot via the exchange 
of messages between aircraft avionics and ground FIS systems. 

(131) Two types of FIS contracts may be established on request of the pilot:  

• the FIS Demand contract where the ground FIS system provides the information immediately and 
only once, 

• the FIS Update contract where the ground FIS system provides the information and any 
subsequent update of this information. 

(132) Multiple "FIS services" may be supported by the FIS application: 

• ATIS, 
• Precipitation Map Service, 
• Terminal Weather Service, 



 
                      ERASMUS
State of the art - V 1.2

 

ERASMUS - RELEASED - WP2 - D 2 1 - V 1.2.doc 

Revision date - 8/01/2007                                                                                                       - Page 42 of 116 - 

• Windshear advisory service, 
• VOLMET, METAR, TAF, 
• NOTAM, 
• Runway Visual Range (RVR) service. 

(133) The current version of ICAO DOC9705 only supports the definition of ATIS service. 

(134) Other initiatives such as the implementation of D-OTIS and D-ATIS applications by the 
EUROCONTROL CASCADE programme [13] confirms that the FIS applications are currently focused 
on delivery of meteorological information related to the terminal phase of the flight (e.g. ATIS, METAR, 
etc…) to the pilot. 

(135) A lot of avionic manufacturers propose solutions to display meteorological information to the pilot but 
no FIS application allowing periodic up linking of meteorological information usable by an airborne 
trajectory prediction function was identified during this state of the art analysis. 

3.3.3. References 
[1] DO-212 - Minimum Operational Performance standards for airborne automatic dependent surveillance 

(ADS) equipment. 

[2] Boeing FANS1- Air Traffic Services Requirements and Objectives, 94-11-8. 

[3] ED100/DO-258 FANS-1/A interoperability industry standard. 

[4] ED100/DO-258 Rev A FANS-1+/A+ interoperability industry standard. 

[5] Comparison of Ground and Airborne Intent in Today's ATM system – Honeywell August 19, 2005. 

[6] Datalink Steering Group – FANS1/A technical capabilities, 28-29 September 2005. 

[7] DO-219 - Minimum Operational Performance standards for Controller-Pilot Data Link Communication 
equipment. 

[8] ED120 / DO290 – Safety and Performance Requirements standards for initial Air Traffic datalink 
services in Continental Airspace. 

[9] Manual of Technical provisions for the Aeronautical Telecommunication Network (ATN) ICAO DOC 
9705/AN956. 

[10] DO260A – Minimum Operational Performance Standards for 1090 MHz Extended Squitter Automatic 
Dependent Surveillance – Broadcast (ADS-B) and Traffic Information Services – Broadcast (TIS-B). 

[11] RTCA/ DO242A – Minimum Aviation System Performance Standards for Automatic Dependent 
Surveillance Broadcast (ADS-B), 2002. 

[12] FIS-B format for transmission via 1090 Mhz Extended Squitter – D. J. Bernays – MIT August 2001. 

[13] D-OTIS and D-ATIS EUROCONTROL CASCADE projects documentation. 

3.3.4. Synthesis 

(136) At a first glance, both FANS1/A and ATN CPDLC should be able to fulfil, at least partially, ERASMUS 
requirements in term of controller to pilot or system to pilot air-ground communication. One possible 
constraining factor for the ERASMUS concept could be the mechanism of "current data authority" and 
"next data authority" that will prevent ERASMUS to send clearance (e.g. speed clearances) to a flight 
being controlled by a preceding ATS unit. 

(137) ADS-C and ADS-B appear to be possible solutions for the ground system to obtain intent data or 
aircraft state information from the aircraft and enhance the ground trajectory prediction function. 
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(138) Conclusions drawn during the limited time spent on this state of the art analysis indicate that the 
studied FIS applications are not really well-suited for ERASMUS needs. Complementary analysis will 
have to be conducted on this subject to confirm or refute this initial perception. 

3.3.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(139) All the referenced standards studied for this topic are valuable inputs for the definition of possible 
ERASMUS datalink architecture designs since, at a time horizon of 10-15 years, no major evolution to 
existing datalink applications standards is foreseen, except hopefully for ADS-B application where an 
agreed standardized definition of Trajectory Change points in the near future would be very beneficial. 
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3.4. Reliable and accurate information representation on the HMI CWP and cockpit 
Environment 

(140) Physical representation of information on the HMIs available on flight deck and the CWPs is of 
paramount importance in the decision making processes. This section deals with the concepts of 
reliability and accuracy applied to the information presented to air traffic controllers and pilots in their 
respective HMIs, in order: 

• To refine the definition of these concepts in the context of ERASMUS; 
• To capture lessons learned on related studies; 
• To identify some features that might need to be further analysed. 

3.4.1. Analysis Grid Set-up 

(141) In this chapter, we consider two ways to manage the uncertainty: 

• Reliable-oriented: risks, errors and approximations are integrated in the representation by using 
margins for contingency, 

• Or Accurate-oriented: the representation is very precise and possibly exhaustive. It might be 
updated regularly to take into account the evolving context. 

(142) Reliability and accuracy of the representation of information in the controller and pilot environment will 
be analysed with respect to the following items: 

• Definition of the reliability of the representation: How the operator trusts on the representation? Is 
it stable, robust, safe? How the erroneous characteristic of the representation is managed? 

• Definition of the accuracy of the representation: Quantification of the accuracy (precision)? How 
the operator copes with possible instability? 

• Type of representation: description of the representation used, including physical devices, HMI or 
mental representations. 

(143) The relevant contexts to these concepts are: 

• Controller (CWP) or Pilot (Cockpit), 
• Single user or Shared information (team). 

3.4.2. Projects Review 
 

3.4.2.1. Speed Management in the cockpit 

(144) Edwin Hutchins applied a classical cognitive science approach to study how a cockpit remembers its 
speeds in the study [1] to prepare and perform an approach to landing. The study was not reduced to 
the cognitive properties of individual persons but also considered the flight deck (including flight 
system and flight crew) as the unit of analysis. This study highlights how a material media such as a 
speed bugs on an airspeed indicator instrument (ASI) could be an efficient representation to bind 
airspeeds with wing configuration (flats and slats extensions). This representation is used by the two 
pilots to make their own representation and to support the interactions with each other and with 
physical structure in the environment. Considering this system as a whole, the study evaluates the 
robustness of the solution (even if the procedure is interrupted or if pilots are distracted) and elicits the 
redundant representation in memory, the redundant processing and redundant checking. 
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3.4.2.2. Presentation of uncertainty 

(145) A joint UK-Italian team in the study [2], studied how to present some “uncertainties” to controller via a 
creative design process applied to a set of three tools: Tactical Load Smoother (or TLS), MTCD and 
CORA. Various types of uncertainty are identified and the act of presenting those uncertainties has 
been discussed in the ATM context. In theory, presenting uncertainty may improve decision-making 
ability of the controller. In addition, uncertainty is common in ATC world and if it could be reduced in 
the future, controllers have to cope with this dimension for a while (i.e.: pressure failure in an aircraft, 
storm conditions). In other hand, presenting new information to the user does not facilitate the user’s 
decision: this new data must be captured, analysed, compared to other data and factors before making 
a relevant decision. Overloading the user with information might be assessed carefully. 

3.4.2.2.1. Uncertainty presented in “Tactical Load Smoother” 

(146) The Tactical Load Smoother tool aims at supporting Multi-Sector Planner (MSP) to manage the 
predicted complexity in the area at times of up to 30-90 minutes ahead. The complexity depends on 
many factors (i.e.: diversity of aircraft types or flight types, proximity to sector boundaries) and 
implicitly, includes notions of uncertainty. 

(147) There was concern that, unless some indication of the uncertainty of trajectory forecasts is given (se 
figure 7), the MSP might be inclined to think ‘tactically’ (for example by requiring a heading change for 
a specific aircraft 30 minutes ahead), rather than thinking in terms of planning re-routes and other 
changes at the area-wide level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Presentation of trajectory uncertainty in TLS 
 

(148) The study [2] evaluated an envisioned solution for TLS based on a large wall screen. The MSP 
interacts with this device to scroll to predicted times and perform what-if tests. Uncertainty 
presentations are listed in table below. 
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Uncertainty in  Presentation  
‘Bubbles’ showing areas of complexity, with timeline scrolling to enable the 
MSP to see how these expand, contract and change shape with time. 

Complexity level in an 
area  

Information about the causes of uncertainty, in particular whether they lie 
within ATC control (e.g. aircraft take off times) or not (e.g. weather). This 
enables the MSP to decide whether the complexity should be reduced at 
source or worked around. 

Identification, position 
and trajectory of 
‘trouble maker’ aircraft  

The ‘what-if’ facility afforded by the tools allows the MSP to look at the 
sensitivity of the results to moving ‘trouble-maker’ aircraft.  

Additional uncertainty 
associated with the 
future situation  

Different visualisation of future and current situations. Display on the large 
wall screen, rather than on the standard radar screen, is one means of 
‘distancing’ the TLS prediction from the normal radar picture. 

Table 8: Presentation of uncertainty in envisioned TLS 

3.4.2.2.2. Uncertainty presented in MTCD/CORA environment 

(149) The study [2] does not propose a solution but suggests that “threshold of certainty” shall be assessed: 

• Prevent to inform controllers of conflicts whose occurrence was so uncertain that a controller could 
not decide on any useful action; 

• No solution should be proposed unless there is a high degree of confidence that it would work in 
practice. 

(150) According to the presentation of the project at the public dissemination forum, further development and 
evaluation of mock-ups illustrate concrete representation of uncertainty such as the Potential Problem 
Display (PPD, refer to Figure 8) and the Vertical Aid Windows (VAW, refer to Figure 9). 8 controllers 
evaluated the mock-ups and first results were negative: controllers don’t wish to have these tools. 

 

Figure 8: MTCD Potential Problem Display 
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Figure 9: CORA/Uncertainty Management, Vertical Aid Window 

3.4.3. References 

[1] How a Cockpit remembers its speeds, Edwin Hutchins, Distributed Cognition Laboratory, Department of 
Cognitive Science, University of California, San Diego,  

[2] Presenting uncertainty to controllers and pilots, David Nicholls, RM Consultants Ltd, Paolo Battino, 
Patrizia Marti, Simone Pozzi, Deep Blue, 5th USA/ Europe ATM R&D Seminar, 2003. 

Late, shallow 
descent

Early, steep 
descent 
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3.4.4. Synthesis 
 

Reliable and accurate information representation on the HMI CWP and cockpit environment 
 Content Methodology 

Sour
ces 

Notions/ 
Criteria 

Context Results description Results analysis Methods Assessment/ 
Validity 

Reliability The study does not really focus on the reliability of the 
representations of speeds in the cockpit but highlights 
how speed information is a paramount issue for a safe 
landing. The various speed representations are 
consistent and provide the cockpit crew with 
redundant representations in memory, redundant 
processing and redundant checking. The speed 
representations on the HMI are also robust, relatively 
insensitive to interruptions, distractions and delays. 

The reliability of the information 
representation is analysed from a safety 
point of view that is relevant for the 
management of speeds and wing 
configuration to prepare and perform an 
approach and a landing. 
The safety analysis encompasses 
Human Factors such as roles in the team 
(Pilot flying / Pilot not flying), interactions 
with flight instruments or cognitive frame 
(memory, representations, processes, 
perception…). 

Accuracy The management of the minimum manoeuvring speed 
required accuracy but depends on the gross weight of 
the aircraft that evolves and is extrapolated during the 
preparation. In the speed card booklet of MD80, the 
manoeuvring speeds are rounded to the knots and the 
gross weight is rounded to the 2.000 pound. The pilots 
set speed bugs on the airspeed indicators that are not 
very precise and select the commanded speed with a 
dedicated speed bug (larger). The commanded speed 
may differ from the indicated speed from 2 knots. 
While performing the approach and the landing, the 
pilots regularly check speed deviations and manage 
speeds with ±5 knots. 

The landing procedure requires accuracy 
but also copes with approximations 
within safety margin. 
The target speed of the operations 
manual is extrapolated and is 
represented roughly via a physical 
media. The width of the speed bug has 
not been designed according to the 
accuracy (i.e.: width=2 knots) but 
according to other ergonomic criteria 
(easy to find). 

[1],  
 

Representa
tion 

Cockpit, 
Team 

The study describes carefully the management of the 
speeds from a cognitive point of view: how information 
is represented and how representations are 
transformed and propagated. The study makes explicit 

Physical representations of information 
on HMI, but also in verbal exchanges are 
of paramount importance in the cognitive 
process. The impacts are not limited to 

The analyst conducts 
research on aviation safety 
and he is human factors 
expert. 
The analysis is based on his 
observations during 6 years 
aboard around 100 flights. 
The unit of analysis is a 
socio-technical system rather 
than an individual mind. 
The document details the 
process for a MD80 aircraft 
through 3 separate 
descriptions: 
• a procedural description, 
• a cognitive description 

outside the pilots, 
• a cognitive description 

inside the pilots. 

The analysis is not 
recent (mid 90s) 
and the equipments 
of the cockpit have 
changed. 
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Reliable and accurate information representation on the HMI CWP and cockpit environment 
 Content Methodology 

Sour
ces 

Notions/ 
Criteria 

Context Results description Results analysis Methods Assessment/ 
Validity 

  various representations of the speeds on HMI (gross 
weight display, speed card booklet, airspeed indicator 
instruments, speed select window) but also in the 
speed-related verbal exchanges. Pilots interact 
continually with those external representations and 
construct and reconstruct their memory of the speeds. 
Speed card booklet is a permanent representation, 
spoken representation is ephemeral and speed bugs 
on the airspeed indicator is an efficient cognitive 
representation that provides the relation of current 
airspeed to the landing speed and the required wing 
configuration.  

the solo pilot activities, but are also 
involved “in a distribution of cognitive 
labour across social space”. 

  

Reliability The study consists in representing uncertainties that 
is defined or characterized by: 
• ambiguous information, 
• variability in parameters (e.g. fluctuations in wind 

speed), 
• inaccuracies and errors in measurement or display, 
• incomplete understanding, lack of knowledge or 

missing data, 
• the likelihood of future events or conditions, 
• subjective uncertainty: the degree of belief or trust 

in the information received, in one’s own judgments 
or those of others. 

Reliability is indirectly defined by 
uncertainty. 
Making the uncertainty evident conveys 
a sense of the reliability of the 
information, without necessarily 
displaying the range of variability 
explicitly. 

 

Accuracy The study does not deal with accuracy in general but 
determines inaccuracies of measurement, prediction 
or display as one type of uncertainty. 

Discussions show that the range of 
uncertainty (the accuracy?) does not 
need to be displayed explicitly. 

 

[2] 

Representa
tion 

Controlle
r, Singlet 

The presentation of uncertainty is the purpose of the 
study which proposes new and concrete 
representations of uncertainty on dedicated HMI (TLS 
on MSP, VAW and PPP on MTCD/CORA). 

In the conclusion of the analysis, other 
representations are envisaged: 
• Showing how alternative situations 

may develop. This approach 
matches a common mental model 
amongst controllers. Many were 

An iterative approach 
involving controllers was 
developed. Case Study 
Tools have been selected 
(TLS, MTCD and CORA) 
and uncertainty has been 
analysed (real-life scenarios 
and case-study tools). Then 
scenarios of use have been 
identified to generate and 
evaluate Envisioned 
Solutions.   
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Reliable and accurate information representation on the HMI CWP and cockpit environment 
 Content Methodology 

Sour
ces 

Notions/ 
Criteria 

Context Results description Results analysis Methods Assessment/ 
Validity 

  resistant to the idea that the 
information they saw might be 
unreliable, but comfortable with the 
idea of identifying the ways in which 
a situation might develop, and 
having a plan in mind each case.  

• Allowing controllers to interact with 
uncertainty - for example by 
providing ‘what-if’ tools.  

• Prompting controllers to consider 
the certainty of their own judgments. 
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3.4.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(151) The study in the cockpit shows that Reliability and Accuracy are not antonymous. Both concepts can 
be combined in a balanced way by adjusting accuracy to what is required from a safety perspective. 
The study of the Flight Deck (System and Pilots) highlights the robustness of the procedures that cope 
with the cognitive process of the pilots. Reliability is not only a matter of representation on HMI, it is 
also a characteristic of a modus operandi involving a couple of pilots with its machine. 

(152) The study of the representation of uncertainty is rich in lessons learnt. Making the uncertainty explicit 
(refer to Figure 8 and Figure 9) seems to be a wrong good idea and other ways of investigation have 
been identified. The interaction with uncertainty (i.e. what if function) seems to be of paramount 
importance: controllers learn by themselves how to cope with uncertainty. 

(153) Few articles have been found about the reliability and the accuracy of the representations used in the 
HMI. It seems that few investigations have been conducted or documented; this fact is a result in itself. 
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3.5. Mechanism between the doubt management and the cognitive economy 

(154) Air traffic controllers are skilled in making decisions in a real time environment and they are used to 
realize an action amongst a set of various solutions. Making the right decision at the right time is a 
challenging concern. This section does not aim at answering this complex question but it deals with 
the mechanisms involved with doubt management and the strategies for economy of cognitive 
resources: 

• To refine the definition or models of these cognitive mechanisms in the context of ERASMUS; 
• To capture lessons learned on related studies; 
• To identify some features that might need to be further analysed. 

3.5.1. Analysis Grid Set-up 

(155) The mechanisms between doubt management and the cognitive economy will be analysed with 
respect to the following items: 

• The attention process, 
• The doubt management, 
• The strategies for economy of cognitive resources. 

(156) Controllers have to process data that is time-depend for their value, availability, and accuracy. The 
diagnosis does not rely on the real world but on a mental representation of it. ATCo are often unable to 
make a decisive assessment of the situation, that is, answer the question of separation: “will the 
separation between these two aircrafts be sufficient?” or the question of resolution: “what is the best 
manoeuvre to solve the problem?”  Allowing him or herself to doubt is a concern of expertise.  Doubt 
management is a process that reveals cognitive economy strategies; otherwise it would be highly 
demanding and hardly compatible with real time decisions. 

(157) In the ERASMUS environment, we can assume that doubt management would be accelerated and 
facilitated by reducing uncertainty. 

(158) In air traffic control, attention process enables controllers to selectively concentre on one thing while 
ignoring other things. Attention allows controllers to carefully listen to what a team-mate is saying while 
ignoring other conversations in the control room. It allows to monitor a given conflict situation setting 
another one aside, and the same for an aircraft that particularly attracts controller’s attention among a 
group of flights. 

(159) Attention can also be split, for example when a controller sends a clearance instruction to a pilot, he or 
she may input data on the radar image at the same time. But the attention resources are limited; 
controllers have to determine attention priorities when multiple stimuli compete for accessing to the 
limited-capacity visual attention system.  With expertise, air traffic controllers develop an operational 
skill that enables them to turn their attention to the conflict or the aircraft that requires it. These skills 
become inefficient when workload increases, so one of the main concerns for ERASMUS may be to 
facilitate attention resources management. 

(160) The cognitive economy strategies regarding attention are: focused attention (concentration on a single 
task), selective attention (which stimuli to focus on while ignoring others), divided attention (perform 
several tasks concurrently), sustained attention (concentrate over a long time period on same stimuli).  
Since each displayed item on the HMI is potentially able to catch the controller’s attention, he or she 
knows, from expertise, how to reduce the number of competing sources, give them relative 
importance, and succeed in timesharing.  Operational data shows that this process is subject to 
failures with high risky outcomes. 
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(161) Like other cognitive dimension, attention may be processed in a controlled or automatic way.  Although 
automatic processing generally enhances speed and decreases workload in routine tasks, it also 
implies human errors because it is not under conscious control. Thus, error could be not detected, nor 
recovered. 

3.5.2. Projects Review 
 

(162) The objective of the role of cognitive modelling in the validation of a decision support system study [1] 
is to understand how the tools are integrated in the controller’s activity concerning representation 
updating, and to determine that the introduction of ERATO does not disrupt the key processes 
involved in the traffic management. The results show the relationship between various ERATO system 
functions and the representation updating process. ERATO is an integrated system that does not 
replace controllers’ decision-making activities or other tasks, but supports all the dimensions of 
cognitive activity (memory, anticipation, cooperation, etc.). The main tools of ERATO are the filtering 
and the agenda functions. The filtering function dims, for a selected plane, all aircraft, which are not or 
may not be in interaction (in conflict with or constraining it). The agenda shows a dynamic view of 
problems organized as a time schedule, according to their urgency. 

(163) In [2], Mr Averty proposes a first step towards the identification of a common core shared by 
controllers for perceiving conflict risk. Air traffic control is an example of transformation from a 
conscious complex activity to a highly automated process. Consequently, as few cognitive resources – 
mainly attention - are consumed, and controllers are fiercely adopting protective and stringent rules in 
regards with procedures and displays. A conflict can be defined as a predicted loss of separation 
between two aircrafts. The hypothesis was that a certain level of agreement should exist among 
controllers regarding conflict judgment by itself, and should be observable particularly when 
considering the detection process. Results on prediction time span indicate that conflict/non-conflict 
classification is inexact until aircraft reach a given distance to the intersection point, depending on the 
parameters of other trajectories. Second, conflict predictions have a second dimension: doubt (or 
confidence) seems to be inherently included in the judgment itself. So the effects of traffic 
configuration characteristics finally appear to be multiple, preventing a simple model from emerging. 

(164) The study about the impact of operating context on the use of structure in air traffic controller cognitive 
processes [3] is relevant in regard to two main criteria: attention process and perceived-risk. It 
examines the influence of structure on controllers’ cognitive processes across the wide range of air 
traffic control operational environments (TRACON, En Route, and Oceanic environments).  Structure 
is defined as a set of constraints (physical or human imposed) that provides a basis for abstractions 
that simplify the controllers’ mental model. Three general types of structure-based abstractions 
(standard flows, groupings, and critical points) have been identified as being used in each context, 
though the details of their application varied in accordance with the constraints of the particular 
operational environment. The study investigates similarities and differences in how structure-based 
abstractions are used across the different ATC operational environments. 

(165) Radar data and voice command analyses were conducted to support hypotheses generated through 
observations and interviews conducted within various facilities. Consideration is given to the value 
provided by the structure-based abstractions to the controller as well as to maintain consistency 
between the type (time or spatial) of information support provided to the controller. 

3.5.3. References 

[1] The role of cognitive modelling in the validation of a decision support system: the case of air traffic 
control – N. Boudes & E. Tremblay, Proceedings of the Tenth International Symposium on Aviation 
Psychology, pp. 534-540, vol. 1,Columbus OH USA, May 1999. 

[2] Conflict Perception by ATCS Admits Doubt but not Inconsistency – P. Averty, 6th R&D ATM Seminar, 
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3.5.4. Synthesis 
 

Mechanism between doubt management and the cognitive economy 

 Content Methodology 

Sour
ces 

Notions/Cr
iteria 

Context Results description Results analysis Methods Assessment/ Validity 

Doubt 
managem
ent 

The results focus on the situation 1 
minute before and 1 minute after a 
controller’s representation updating. 

HCI consultations are frequent before 
updating, particularly when the Agenda 
induces the controller to make a 
decision on a conflict situation.   

After updating his representation, the 
PC activities mainly involve the 
modification of agenda, leaving a trace 
of the results of the updating activity. 

 

Before representation updating, the information 
source varies according to objective to be 
reached by the controller, which may be to 
understand the situation (analysis and 
diagnosis), or to establish a plan of action with a 
view to acting on the traffic situation. 

However, analysis, diagnosis or resolution 
frames activities essentially involve individual 
aircraft, and not a group (agenda problems).  
Aircraft filtering appears to be an important 
function used in diagnosis and resolution frame 
updating.   

Using ERATO depends on the tasks associated 
to each control position (pre-detection of conflicts 
for the PC, and solution implementation for the 
EC) which requires a different range of 
anticipation. 

These results are 
specific to ERATO and 
cannot strictly be 
extended to an 
ERASMUS perspective. 

Nevertheless, we 
consider that 
representation updating 
is tightly related with 
doubt management. 

Updating the 
representation is used by 
ATCos as a mean by 
which doubt in their 
traffic situation analysis 
or diagnosis can be 
reduced, although it also 
could be increased 
(depending on the 
parameters evolution). 

 

[1] 

 

Cognitive 
economy 
strategies 

Actors on 
the CWP : 
PC & EC 

Filtering function reduces the number 
of aircraft to be considered by the 
controller to make its own judgement. 

Agenda function provides the 

Filtering function eliminates irrelevant information 
to optimise the capture of the situation. 

Agenda acts a reminder of the context 
corresponding to a problem. The HCI 

Data was collected from 16 
simulated traffic scenario using 
ERATO, lasting 90 minutes 
each. Eight pairs of controllers 
were involved, each composed 
of one executive controller and 
one planning controller. They 
spent 2 weeks’ training on the 
system. 

The controlled traffic was picked 
from a real-time working 
situation and the level of traffic 
density was acknowledged by 
experts as heavy.  

All actions carried out and 
displayed on the interface were 
recorded.  Thus, all system 
events were stored in real time 
as well as any inputs made by 
the controllers (filtering 
requests, integration request).  
Verbal communication data 
were collected including VHF. We note the prominent 

role of the functions in 
representation updating 
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Mechanism between doubt management and the cognitive economy 

 Content Methodology 

Sour
ces 

Notions/Cr
iteria 

Context Results description Results analysis Methods Assessment/ Validity 

  controller with an updated picture of 
the interactions which copes with its 
internal representation of the situation. 

representations are very close to the mental 
representation, the updating process of the 
controller’s representations is more effective. 

 

[2] 

 

Attention 
process  

Actors on 
the CWP:  
PC & EC. 

Actors for 
the 
experimen
ts: an 
ATCo  

Uncertainty about future positions of 
aircraft is a major source of attention 
resources consumption.  

Controllers give a picture of the 
uncertainty they perceived consciously 
(“judgments”), joining variable safety 
margins to the separation minima. 
These judgments are largely related to 
visual assessment of three objective 
parameters: horizontal separation, 
vertical separation, and the moment of 
formulation of the judgment (prediction 
time span). 

The near-minima traffic scenarios 
share the property to greatly split 
controllers’ judgments, and obviously 
require important attentional resources 
for ending up at a non conflict 
response. 

Once again, it appears that doubt management 
by ATCos implies a significant dispersion of 
conflict/ non conflict responses. But this 
dispersion both remains consistent with the 
previous results in the field and does not prevent 
to reach a relatively precise quantification.  

As distances were concretely given for 
expressing judgments of “certain” non conflicts, 
one can infer that they represent the limit beyond 
which no significant attention resources are 
allocated for managing doubt. This could be the 
most interesting result of this work for 
ERASMUS.     

 

161 ATCos from four French Air 
Traffic Control Facilities 
participated to this study. They 
were asked to successively 
judge scenarios involving two 
converging aircraft. 

Controllers had to come to a 
decision about the future 
separation values, and the 
probability for the two aircraft to 
be under the 3NM/1000ft limit.  

Three variables characterized 
the traffic scenarios, quantifying 
respectively the horizontal and 
vertical separations, and the 
moment of judgment (prediction 
time span). The available time 
for answering was 1 minute and 
15 seconds. 

The topic of attention 
doesn’t clearly appear in 
this paper, but it is fully 
considered in the work 
that followed.  

In this experiment, 
participant had all the 
necessary conditions 
(only 2 aircraft to 
manage, sufficient time 
to make one’s mind) to 
judge about conflict. 
Hence, the results 
represent the maximum 
of ATCos’ capabilities of 
detection rather than 
what he does in real 
operational conditions. 

[3] Cognitive 
economy 
strategies 

Actors on 
the CWP: 
EC & PC 
(assumpti
on) 

In the model that underlies the study, 
information in fed into, the controller 
through perception, primarily through 
the auditory and visual modalities. 

The information is comprehended and 
a projection of the future state of the 
system is built, then monitored against 

The analyses provided in this paper support the 
hypothesis that structure-based abstractions are 
used as a complexity reduction mechanism in 
each context. 

Procedures and airspace within each 
environment support the tasks that can become 
complex given high amounts of traffic and 

A series of site visits to ATC 
facilities in the United States, 
Canada, and Iceland have been 
conducted.  The site visits 
consisted of focused interviews 
with controllers and training 
personnel as well as 

According to the paper, 
perception of standard 
flows, grouping and 
critical points may 
simplify cognitive 
processes.   

In other words, structure-
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Mechanism between doubt management and the cognitive economy 

 Content Methodology 

Sour
ces 

Notions/Cr
iteria 

Context Results description Results analysis Methods Assessment/ Validity 

the controllers’ current plan, and 
evaluated with respect to the 
controller’s threshold of acceptability.  
The current plan feeds the action 
implementation process, determining 
the time at which the controller 
commands the pilots, either through 
voice or through information tools. 

Considering the en-route results from 
the study, published procedures, such 
as ATC preferred routes, and 
constraints associated with procedural 
requirements at sector boundaries 
tend to consolidate the range of 
trajectories through an En Route 
sector into standard flows.  

Critical points often emerge as a 
consequence of the merging of 
standard flows into key airports. The 
critical point abstractions can reduce 
the problem of time of arrival at the 
merge point. 

Aircraft that are separated in altitude 
can be grouped into non-interacting 
sets that reduce the number of aircraft 
interaction and simplify the evaluation 
and planning task. 

limiting constraints in the environment.  

Groupings are used to simplify the cognitive 
processes, particularly projection, planning, and 
implementing. 

Standard flows are evident as a means of aiding 
in the projection tasks in normal circumstances 
and as a template for alternate routings in cases 
of severe weather or traffic.  

The En Route Centre separation requirements 
contain equally spatial (miles-in-trail) constraints 
and time (metering, minutes-in-trail) constraints.  

The details of structure-based abstractions were 
found to be highly dependent on the context 
(support tools and separation requirements in 
terms of space or time) in which they are applied. 

 

observations of live operations.  

To gain additional insight into 
the use of structural factors 
identified during the site visits, 
current traffic patterns were 
analysed using data derived 
from the Enhanced Traffic 
Management System (ETMS) 
data-stream.  

The authors argue that 
designers of decision support 
tools should consider both the 
effect of structure based 
abstraction and the type of 
projection time or spatial-based 
that the controller is required to 
do. 

based abstractions could 
allow cognitive economy 
strategies. This idea is 
not mentioned although 
it seams to underlie the 
discussion. 

On the other hand, the 
study doesn’t deal with 
doubt management  
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3.5.5. Useful Considerations  for ERASMUS 

☺ - quick look !   

(166) Many studies in Air Traffic Control aim at cognitive economy for a various range of cognitive activities, 
such as memorization, conflict detection, resolution… but few of them tackled the problem of doubt 
management. 

(167) In the literature reviewed, doubt management reduction is considered through the tools controllers are 
provided with. For example, the ERATO project attempts at reducing doubt management by providing 
controllers with a filtering function.  When using the filtering function, controllers can update their 
conflict representation (processing information of the on going traffic development) and come to a 
better understanding of the dynamic situation. Then their decision making is either an action in order to 
cancel doubt, or an action that is logically induced from doubt reduction. Moreover, the filtering 
function under-lights non relevant aircraft at a given time, and consequently directs the attention 
processes to a set of relevant aircraft that stands out against the surrounding traffic which is dimmed. 

(168) Most of the studies that deal with attention process, implement solutions or models to maintain or 
capture the attention of the operator on specific stimuli such as unusual situations or potential 
problems. This issue is generally addressed by adding visual aids in HMI that increase the amount of 
information to process. Consequently, the design of the HMI must use codes that do not introduce bias 
in the detection of the relevant information in the attention process. The MTCD is an example of this 
approach. 

(169) The approach of ERASMUS project is singular and deals with attention process in a new way 
according to the following points: 

• It does not aim at attracting the attention of the controller but at putting in place innovative means 
to reduce the attention resources acting on the doubt management process driven by an overall 
cognitive economy. 

• The stimuli involved in the attention process are not limited information on a specific flight or on a 
concerned traffic (like in ERATO). The stimuli to be processed by controllers to make their own 
judgement of aircraft separation are more perceptive and less cognitive. 

(170) As a conclusion, excepted with CREED, attention processes in air traffic control seem not to have 
been investigated within an experimental approach, but only under theoretical considerations.  
Furthermore, there is no available literature building a bridge between attention processes and doubt 
management, or cognitive economy resources. 
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3.6. Operator conflict perception versus doubt management 

(171) Assessing the risk of loss of separation is a common task for air traffic controllers who develop an 
expertise to manage conflicts. This section studies the conflict detection as a perception task and links 
it with the doubt management. 

3.6.1. Analysis Grid Set-up 

(172) The mechanisms between the doubt management and the conflict perceived by the controller is 
analysed with supporting the following cognitive activities: 

• The perception process, 
• The conflict perception and the perceived risk, 
• The doubt management which leads to make a decision about acting or not. 

(173) Perception process is the process by which controllers interpret and organize sensation to produce a 
meaningful understanding of the traffic situation. Sensation usually refers to the immediate, relatively 
unprocessed result of stimulation coming from the display and the control room to the sensory 
receptors (eyes and ears). On the other hand, perception better describes controller’s ultimate 
experience of the traffic and involves further processing of sensory input, in order to produce conflict 
diagnosis, future development anticipation, decisions and so on. 

(174) The conflict perception is considered as an interpretation process, automatic, influenced by context 
and expectation, and indistinguishable from actual sensation. Indeed, in practice, sensation and 
perception are virtually impossible to separate, because they are part of a continuous process in traffic 
management. Speaking about conflict perception underlies that controllers get at first glance, a quick 
understanding of a traffic situation including a level of certainty, essential factor in activities 
management. Counter to conflict detection, conflict perception does not imply any accurate data 
analysis and it works at a global level. 

(175) Most of the information used by controllers is uncertain, fuzzy although being necessary to make 
decision in real-time operations.  Uncertainty is inherently present and controllers have necessarily to 
deal with it, what we call doubt management. Several doubt management strategies have been 
identified so far: constantly monitoring the entire traffic situation by shifting from one potential conflict 
to another, taking into account a certain number of facts that are invariant from day to day which make 
it possible to anticipate and perform actions accordingly, reducing the problem space by partitioning 
the entire traffic into simple problems.  A main focus of interest for ERASMUS may be how to reduce 
doubt management, which is cognitive demanding. 

(176) Unlike studies that focus on variability among controllers when identifying potential conflict, those 
assessing conflict perception stress that there exist a certain level of agreement among them. It has 
been identified that there exist common bases for controllers in conflict perception, which have 
successfully been statistically modelled. This common base concerns doubt evaluation in controllers’ 
judgments, which is the expression of an unconscious and collective doubt or certitude in perceiving 
conflict risk from a given traffic situation. To summarize, variables have consistent effects in perceived 
risk when controllers deal with conflict-non conflict decision. 

(177) It is stated that the controller’s decision making about conflict or not conflict, in any case can be 
equivalent to the calculation for conflict provided by a system.  Because of the doubt evaluation, the 
controller’s decision making process is based on a great number of psychological, social and 
physiological factors, while at the same time informal knowledge is taken into account. The human 
conflict diagnosis is the expression of a perceived risk at a given time. 
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(178) The controllers’ environment can integrate several tools supporting detection and conflicts 
management. A task scheduler can provide information about the future workload, displaying conflicts 
or problems labels on the interface.  It can also distribute the task schedule labels between PC and 
EC. 

3.6.2. Projects Review 
 

3.6.2.1. CREED  

(179) In [1], Mr Averty proposes a first step towards the identification of a common core shared by 
controllers for perceiving conflict risk. Air traffic control is an example of transformation from a 
conscious complex activity to a highly automated process. Consequently, as few cognitive resources – 
mainly attention - are consumed, and controllers are fiercely adopting protective and stringent rules in 
regards with procedures and displays. 

(180) A conflict can be defined as a predicted loss of separation between two aircrafts.  The hypothesis was 
that a certain level of agreement should exist among controllers regarding conflict judgment by itself, 
and should be observable particularly when considering the detection process. 

(181) Results on prediction time span indicate that conflict/non-conflict classification is inexact until aircraft 
reach a given distance to the intersection point, depending on the parameters of other trajectories. 

(182) Second, conflict predictions have a second dimension: doubt (or confidence) seems to be inherently 
included in the judgment itself. So the effects of traffic configuration characteristics finally appear to be 
multiple, preventing a simple model from emerging. 

(183) This paper is relevant for the ERASMUS in regard to two main criteria: attention process and 
perceived-risk. 

3.6.2.2. ERATO 

(184) In his work about the understanding different working methods from a cognitive point of view [2], 
Bressolle and al present some experimental results about a major air traffic controllers’ cognitive 
process while working with ERATO. This study aims at getting a good level of understanding of how 
controllers use the main functions of the system, so as to ensure relevant improvements in the future. 

(185) The paper presents some results about unexpected use of the system and about various working 
methods with ERATO. The objective is to show that this use of the system can be partly explained by 
cognitive processes that are carried out by controllers. 

(186) Following a cognitive perspective, it has been possible to understand controllers’ strategies and to 
account for mental mechanisms at work. The results presented concern default knowledge which 
constitutes a cognitive trade-off and discuss their connection with representation updating. 

3.6.2.3. CORA 

(187) The investigating Air Traffic Controller conflict resolution strategies study [3] investigates how 
controllers develop resolutions for aircraft conflict situations in en route air traffic management. This 
project has been undertaken to provide a tool that is to a large extent ‘human-centred’, and clearly 
maintains the role of the controller, but which will also enable the controller to handle increased traffic 
levels, via providing conflict resolution advice. This tool is called the Conflict Resolution Assistant or 
CORA. CORA is intended to provide resolutions that would seem reasonable (or even ‘smart’) to 
controllers, enhancing both trust and the relation between controller and automated tool, so that the 
joint system response will be fast and efficient. 
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(188) This report details an investigation into this process which has elicited many resolution types, 
influencing factors, principles and rules controllers use, and has also considered the variability 
between controllers. 

(189) The results in general are favourable towards the CORA approach and philosophy. There has been a 
concern that controller variability will make difficult for a system such as CORA to provide advice that 
would satisfy most controllers. 

3.6.2.4. MTCD 

(190) Medium Term Conflict Detection (MTCD) warns controllers when two aircraft are on a conflicting 
course with a look ahead of about 20 minutes [5][6] 

(191) MTCD helps controllers to reduce the workload associated with traffic monitoring tasks by: 

• Providing warnings if aircraft deviates from a clearance or flight plan and reminders of instructions 
to be issued, 

• Provides conformance monitoring triggering trajectory re-calculation essential for the MTCD. 

3.6.2.5. Free Route 

(192) In the context of Free Routing (FR), Mr Trouslard [4] presents the main results of a study conducted by 
the DSNA as a participation in the Mediterranean Free Flight (MFF) program. The paper focuses on 3 
aspects of FR among all of the detailed objectives investigated:  integration of flight and memorization, 
conflict detection, and controllers’ workload. 

(193) In FR airspace, users freely plan their routes between an entry point and an exit point without 
reference to a route network but with possible references to published or lat/long waypoints. Entry and 
exit points were published waypoints. 

(194) Controllers were provided with an original set of tools designed to assist them in dealing with Free 
Route traffic, according to operational requirements specifically defined for FR: trajectory editor, the 
basic and simulated filtering functions, and a tasks scheduler. Additionally, the simulator introduced 
electronic inter-sectors co-ordination tools, and controller-pilot data-link communication (CPDLC) 
services. 

(195) The main lesson from this specific FR experiments is that Free Route as simulated is not adapted for 
high levels of traffic load. In case of sufficiently low traffic, the concept would be usable on condition 
that sector design is improved, and that controller' tools can be made perfectly reliable. 

(196) The first series of real time simulations conducted by ENAV at its Experimental Centre in Rome in 
April/May 2002 [6] stated relevant conclusions and recommendations in regard with the use of MTCD. 
The Medium Term Conflict Detection tool (MTCD) in its presently implemented version increased 
controller workload and caused some frustration since it displayed a number of false and non-relevant 
alerts. Executive controllers felt they would benefit from a tool similar to the MTCD but with a restricted 
timeline. 

3.6.3. References 

[1] Conflict Perception by ATCS Admits Doubt but not Inconsistency – P, Averty, 6th R&D ATM Seminar 
2005, Baltimore. 

[2] Advanced decision aids for Air Traffic Controllers: Understanding different working methods from a 
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[4] Simulated free routing operations in the Marseille UIR: results and issues from a human factors 
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3.6.4. Synthesis 
 

 

Operator conflict perception versus doubt management 
 Content Methodology 

Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ 
Validity 

Doubt 
management 

When aircraft are still far from the 
intersection point, the judgment is 
hardly ever a clear conflict or non 
conflict (almost irrespective of 
what the future separation seems 
to be). 

Dispersion of judgments for a given situation gives 
also information about the existence of difficult 
(hence potentially doubtful) assessments. 
 
Different individual styles seem to emerge (extreme 
responses being favoured or on the contrary only 
temperate/doubtful ones hold the subject’s 
attention). 

Results here are 
related to an 
experimental 
context and specific 
instructions. They 
give very little 
information about 
doubt management 
in real task 
condition (because 
of the existence of 
other flights, for 
ex.).  

[1] 

Perceived risk 

Actors on 
the CWP:  
PC & EC. 
Actors for 
the 
experimen
ts: an 
ATCO  

Individual and conscious 
assessment of risk was clearly 
expressed by ATCos (eight 
possible gradations, 
corresponding to the confidence 
they had on each judgment). 
The latter will provide data to 
design a statistical model of 
conflict prediction capabilities of 
controllers. 

The perceived risk of insufficient separation 
appeared to vary greatly from one controller to 
another. 
In spite of this, the evolution of the perceived risk is 
meaningful and evolves globally (e.g. for the whole 
sample) in a way remarkably coherent with the three 
variables (horizontal and vertical separations, 
prediction time span). 

161 ATCSs from four French Air 
Traffic Control Facilities 
participated to this study. They 
were asked to successively 
judge scenarios including two 
converging aircraft. 
Controllers had to come to a 
decision about the future 
separation values, and the 
probability for the two aircraft to 
be under the 3NM/1000ft limit.  
The available time for answering 
was 1 minute and 15 seconds. 
Three variables characterized 
the traffic scenarios (horizontal 
and vertical separations, 
prediction time span). 

Another essential 
limit of this study is 
that it did not take 
into account other 
important sources 
of variation for 
conflict judgment. A 
complementary 
study is supposed 
to be planned in 
this purpose. 
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Operator conflict perception versus doubt management 
 Content Methodology 

Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ 
Validity 

Conflict 
perception  

In the ERATO 
project, conflict 
detection is clearly 
related to doubt 
management, but 
the analysis is not 
based on 
perception models 
neither on the 
perceived-risk 
concept.  
 

[2] 
 

MTCD 

Actors on 
the CWP : 
PC & EC 

Observations show that 
controllers developed different 
strategies for action to cope with 
the task complexity.  
More often than executive 
controllers, planning controllers 
made multiple consultations in the 
agenda (French MTCD) and this 
in a noticeably higher proportion.  
The low utilization of the agenda 
by the executive controller is 
facilitated by the preparatory, 
anticipatory work of the planning 
controller. The outcome of these 
results is that this knowledge not 
only concerns traffic but also, and 
by decreasing order of 
importance: one’s own activity, the 
behaviour of the system, the 
team-mate’s activity, adjacent 
sectors and pilots.  
 

The study shows different strategies in the way 
controllers use the system. Further detailed analysis 
highlighted that these strategies revealed an 
economy of cognitive resources, tending to minimize 
data acquisition or input into the system.  It also 
gives clues as to how some errors occur, which is 
the fallout of this default reasoning at work.  
These results brought us to draw a distinction 
between the use of an interface and its 
manipulation. Controllers can make up inferences 
based on selective (or incomplete) data acquisition.   
These results allow to evaluate whether the 
information display (requiring actions for data 
acquisition on the radar screen, Agenda or 
elsewhere, or no action at all) varies according the 
operational needs of controllers, specifically 
regarding PC and EC task repartition. 

Data was collected from 16 
simulated traffic scenario using 
ERATO, lasting 90 minutes 
each. Eight pairs of controllers 
were involved, each composed 
of one executive controller and 
one planning controller. They 
spent 2 weeks’ training on the 
system. 
The controlled traffic was picked 
from a real-time working 
situation and the level of traffic 
density was acknowledged by 
experts as heavy.  
All actions carried out and 
displayed on the interface were 
recorded.  Thus, all system 
events were stored in real time 
as well as any inputs made by 
the controllers (filtering requests, 
integration request).  Verbal 
communication data were 
collected including VHF.  

ERATO stresses 
more on variability 
among controllers 
in conflict detection 
than on potential 
regularities. 
Observations about 
the use of the 
Agenda show that 
PC and EC do not 
have same needs.  

[3] Perceived risk Actors on 
the CWP : 
PC & EC 

There was a good degree of 
overlap in the resolutions derived 
from controllers, suggesting that 
CORA will be able to satisfy most 
controllers.  
In this respect, it was explained 
that the analysis of the data 

Three kinds of results for the design: 
First it is useful to know the rules that controllers 
apply when carrying out conflict resolution. These 
rules bound the possible resolutions.  
Second, the factors that controllers consider when 
analysing conflicts, and their relative importance, are 
clearly important, as they help to determine the 

Forty-five controllers in seven 
countries were interviewed 
individually and in groups, to 
determine their best resolutions 
for a series of statically 
presented conflict scenarios.  
Each controller individually 

The study shows 
sufficient 
agreement between 
controllers to 
suggest that an 
advisory system for 
controllers (such as 
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focused only on the agreement 
between the first resolutions for 
each controller. In almost all 
cases, controllers produced 2 – 4 
resolutions that would be 
acceptable.  
If all resolutions were to be 
considered (i.e. the complete 
acceptable set from each 
controller), it is likely that the 
degree of convergence would 
increase, i.e. the top four 
resolutions would satisfy a much 
higher percentage of controllers 
than 82%.  
It appears that the type of 
airspace, and the way that 
airspace is operated at an ACC, 
has a great effect on how 
controllers derive resolutions.  

nature of the actual resolutions that will be seen as 
possible, and also enable optimisation of the 
resolution chosen.  
Third, the principles controllers use to pick between 
alternative potential solutions, are of significant 
interest (i.e. a safe resolution when the controller is 
very busy). 
If CORA manoeuvres conflict and context a/c, the 
controller may not understand why some a/c has 
been removed. 
Alternatively, if CORA moves only the conflict a/c, 
the controller, being somewhat ‘out of the loop’, may 
see less easily which context a/c also need to be 
moved to ‘fine-tune’ the situation.  

resolved the scenario, stating 
what factors affected the choice 
of resolution, what principles or 
rules were used, and also 
mentioned potential solutions 
that would not be seen as good 
practice by controllers.  
Controllers in five of the 
countries then considered the 
scenarios in a group exercise, 
again resolving the scenarios. 

CORA2) is viable. 
We particularly 
would be interested 
to know whether 
there is or not such 
agreement for 
conflict perception, 
that could explain 
agreement for 
resolution.  But no 
clear relation 
appears in the 
report, between 
perceived risk and 
resolution 
strategies.   
Focusing on conflict 
resolution, CORA 
doesn’t deal with 
the conflict 
perception process 
that underlies the 
resolution.   

[4] 
 
 
 
 
 
 
 
 
 
 

Conflict 
perception  

Actors on 
the CWP : 
PC & EC 

Under Free Routing, all controllers 
expressed difficulty in identifying 
the point of conflict for conflict 
detection.  The difficulties are as it 
follows: points of conflict are not 
known in advance, points of 
possible crossing are numerous 
and are not marked, and the 
convergence can be varied: 
several aircraft, many different 
directions. 

Conflict detection was jeopardized by difficulties in 
memorization of routes. 
In a traffic situation that included more than one 
conflict to be detected, no automatisms using 
geographical reference frames could be used to 
speed up the decision processes.  
 

After sufficient training, the trials 
consisted of eighteen measured 
exercises, including two 
exercises only exploited for 
safety purpose.  All the traffic 
samples had a nominal duration 
of 90 minutes. 
Eleven controllers from the 
Marseille air traffic control centre 
(including two subject matter 
experts), two military controllers, 

The paper is giving 
back some 
evidence of the 
difficulty of conflict 
detection linked to 
insufficient flight 
integration and 
route memorization. 
Nevertheless, in 
this paper, the 
difficulties for 
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Moreover, monitoring has to cover 
aircraft flying along the boundaries 
of the sector. 

and six pseudo-pilots 
participated in the simulation 
trials.  
Qualitative and quantitative data 
were gathered. 

conflict detection 
are not explained 
through perception 
processes, when 
controllers integrate 
a flight entering the 
sector on a free 
route. 

 
MTCD 

Actors on 
the CWP : 
PC & EC 

Participants expressed that the 
MTCD combined information for 
the Planner and the Executive 
which some felt was incorrect, 
expressing that strategic and 
tactical was mixed up in the 
experiment and that the MTCD 
was more tactically oriented than 
strategically. The Potential 
Problem Display, which was 
attributed to planning tasks, was 
thought to present tactical 
information by participants. 
Controllers felt that problems 
occurring inside the sector were 
strictly radar problems and not 
relevant to this planning tool. It 
was considered that were was 
insufficient distinction between 
entry and exit planning problems 
and in-sector tactical problems. 

The MTCD as simulated was not considered optimal 
by participants. Controllers felt that supplementary 
information was required to assist them determine 
conflict resolutions and that poor trajectory 
information often meant that MTCD warnings were 
incorrect. Controllers did not gain sufficient 
confidence in MTCD and therefore could not agree 
that it provides a safer working environment. It was 
not possible to validate the prediction that MTCD 
provided a means towards earlier problem detection 
and resolution. It was not possible to validate the 
prediction that a potential capacity increase could be 
realised through a smoother traffic flow and reduced 
number of clearances issued per aircraft.  

The experiment was conducted 
on Maastricht UAC Luxembourg 
airspace and the French civil 
airspace of Paris ACC and 
Reims ACC, with French military 
Mazout Radar. It was conducted 
over fifteen days, with the first 
five days reserved for training. 
Six control positions, one military 
position and three feed positions 
were simulated. Only the civil 
positions were measured for the 
purposes of analysis. 
Measurement techniques 
included system recordings (HMI 
input/output), questionnaires, 
semi-structured interviews, 
Instantaneous Self-Assessment 
(ISA) and Nasa Task Load Index 
(NASA TLX) workload 
measurement. 

The Eatchip III 
experiment cannot 
prove that 
controllers were 
able to resolve 
problems in 
advance due to 
MTCD. It doesn’t 
show a reduction of 
controller 
monitoring that 
would have resulted 
from use of MTCD. 
Doubt management 
is not considered at 
all. 

 
 
 
 
 
 
 
 
[5] 
 
 

Doubt 
management 

Actors on 
the CWP : 
PC & EC 

The place where a flight would 
enter a unit was unknown.  The 
integration of a flight could no 
longer work based on the 
cognitive expectations that formed 

Controllers had to compensate by getting recurrent 
and continuous data, which resulted in the increase 
in the requirement level of the tasks to be 
undertaken, and the workload.  
The traffic load damaged the construction and 

 In this paper the 
doubt management 
approach doesn’t 
allows to explain 
the difficulties in 
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 part of the skill-based processing 
of controllers in a conventional 
environment. 
The controllers indicated that the 
management of climbing and 
descending flights was much 
more dangerous and difficult than 
in fixed route operation. 

update of the mental traffic representation, as well 
as memorization.  

conflict detection. 

[6] MTCD Actors on 
the CWP : 
PC & EC 

Conflict detection can be harder in 
Free Route environment and a 
tool like MTCD seems to be really 
important. Nevertheless, 
controllers have experienced 
many problems with the current 
version of MCTD (resulting from 
EATCHIP): 
• MTCD increases workload and 

causes frustration 
• EC could use a tool similar to 

MTCD but with a different time 
frame 

• VAW is not useful 

MTCD displayed a high number of false and not 
relevant alerts and failed to display a few potential 
problems. Therefore controllers (especially planning 
controllers) spent much time figuring out whether the 
potential problems were actually relevant or not. 
What is relevant or not may vary depending on the 
situation, sector, working praxis etc. So the filtering 
of non relevant problems should be allocated to the 
controller, unless a sufficiently sophisticated 
algorithm can be put in place. It is worth noting that 
the majority of controllers stated that any prediction 
further ahead than 12-14 minutes is not relevant 
because the uncertainty is too great. 
Other aspects that resulted in an increase in mental 
workload due to MTCD are relative to the HMI of the 
Potential Problem Display (PPD). The fact that PPD 
is a separate window seems to distract attention 
from the main radar display. The appreciation for the 
red dot which appears on the label, compared to 
PPD, confirms the hypothesis that critical 
information should be shown on the main radar 
display. To better understand these HMI problems, it 
can be helpful to compare the visualization of PPD 
with that of AODFL: the latter is more consistent with 
the mental model of the controller, since it shows the 
track of an a/c highlighting all the predicted conflicts 

RTS with a human factors 
approach. 

The results highly 
depends on the 
implementation of 
the MTCD, 
specially the 
completeness of 
the algorithm (CFL 
not taken into 
account) and the 
HMI design (multi-
window) 
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with other a/c. Moreover, it doesn’t draw the 
attention of the controller away from the radar 
display.  
MTCD is designed as a planning tool, scanning for 
conflicts up to 20 min. ahead, while the Short Term 
Conflict Alert tool (STCA) is a last-minute alert. 
There is nothing in between; still it seems that the 
EXC might need such a tool. MTCD is based on 
algorithms that are not tailored to the needs of the 
EXC (for example MTCD doesn’t take into account 
CFL).  
The vertical profile of a/c as currently displayed in 
the VAW was not helpful to controllers, and in some 
case it could substantially increase mental workload 
to interpret the VAW. VAW shows a profile that is 
based on the FDP, and the FDP is not recalculated 
all controller inputs (for example CFL and speed 
modifications do not cause profile recalculation). 
Controllers spent time to understand this non logical 
profile. 
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3.6.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(197) The concept of “perceived-risk” is of great interest for the ERASMUS purpose because it allows to 
clearly distinguish between the conflict from controllers perspective and the conflict computed by the 
machine. ERASMUS aims at removing some conflicts by speed adjustments before their detection by 
controllers. 

(198) Concerning perception, studies mainly focus on visual display with the objective to improve usability 
(i.e.:  symbols, format, colour…). The reviewed literature shows little concern for the perception of a 
conflict.  Conflict is generally envisaged through the mental representation (understanding) of the 
situation which is the next cognitive step coming after perception. 

(199) The approach of conflict detection via perception processes allows to reconsider the problem of doubt 
management reduction. Under the assumption that there is a common core shared by controllers for 
perceiving conflict risk, it should be possible to modify the conflict representation of controllers, thought 
perception. The results regarding metrics may inform about a threshold for risk perceived. 

(200) The approach is of great interest for ERASMUS, due to the assumption that traffic separation may be 
uniformly perceived although variability may appear regarding doubt management. 

(201) As a conclusion, the reviewed literature doesn’t provide significant inputs regarding the linking process 
between conflict perception and doubt management.  The hypothesis under which doubt management 
may be reduced via perception is not documented in the existing literature. 
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3.7. Operator trajectory deviation perception versus doubt management 

(202) Air traffic controllers (ATCo) are constantly monitoring the traffic to construct and reconstruct their own 
representation of the situation. This monitoring activity is helping the controller to perceive deviations 
in flights' trajectories. Trajectory deviations are a key factor in the mechanism of the doubt 
management cognitive process. 

(203) This section deals with the concept of doubt management with respect to trajectory deviations 
perceived by ATCos in order: 

• To explicit these concepts in the context of ERASMUS; 
• To capture lessons learned on related studies; 
• To identify some features that might need to be further analysed. 

3.7.1. Analysis Grid Set-up 

(204) The mechanisms between the doubt management and the operator trajectory deviation perception will 
be analysed with respect to the following topics: 

• The trajectory deviations; 
• The perception and other related cognitive processes (memorization and monitoring); 
• The doubt management; 
• The monitoring aids. 

(205) The trajectory deviations include horizontal, vertical and time deviations. They can be detected by 
either the Air Traffic Controller, according to his/her perception process that is part of complex 
cognitive activities, or the system that compares the current flight 4D trajectory to the predicted one. 
Both cases cope with thresholds in order to determine if trajectory deviation is significant or not. 

(206) Identification of the relevant flight parameters and of the suitable value of the deviation threshold is of 
paramount importance for the evaluation of the ERASMUS concept, notably for the time and speed 
deviations. 

(207) The Monitoring Aids support the Air Traffic Controller in monitoring that an aircraft adheres to its 
route. When a deviation is detected, Monitoring Aids either automatically trigger the trajectory re-
calculation process, thus providing an accurate trajectory, or warn the Controller. 

(208) The solutions linked to trajectory deviations such as Monitoring Aids have some impacts of the 
perception and other related cognitive processes of the controllers. In the ERASMUS context, we pay 
a particular attention to human factors corresponding to the envisaged solutions from Air Traffic 
Controller perspective. 

3.7.2. Projects Review 
 

3.7.2.1. MONA 

(209) The monitoring aids (MONA) provide a diverse set of functions derived from the comparison of the 
aircraft state vector against the trajectory and the clearances in order to provide tactical controller with 
feedback if the aircraft is not adhering to the planned trajectory or to remind the controller of actions to 
continue to clear the aircraft according to the plan. 
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(210) Trajectory deviation is defined as following terms: if the system detects that the aircraft’s actual and 
predicted positions differ by more than a system parameter, then MONA will take appropriate action as 
follows: 

• alert the controller if the aircraft deviates from the route laterally, 
• alert the controller if the aircraft leaves it’s assigned level during the cruise phase, 
• alert controller for level bust, 
• alert the controller if an aircraft levels off at an incorrect level, 
• trigger recalculation of the trajectory for longitudinal deviations (i.e. the aircraft is faster/slower than 

predicted), 
• trigger recalculation of the trajectory if the aircraft is climbing/descending at a different rate than 

predicted (during climb/descent phases). 

(211) MONA concepts have been evaluated during specific experimentations in EATCHIP III project (Please 
refer to [1]). 

3.7.2.2. Perception and other related cognitive processes 

(212) Controllers rely on underlying airspace structure to reduce the complexity of the planning and 
conformance monitoring tasks. The structure appears to influence the controller’s working mental 
model through abstractions that reduce the apparent cognitive complexity (i.e. pilot model, aircraft 
model, surveillance model…). These structure-based abstractions are useful for the controller’s key 
tasks of planning, implementing, monitoring, and evaluating tactical situations. In addition, the 
structure-based abstractions appear to be important in the maintenance of Situation Awareness. The 
process of conformance monitoring is analysed in more detail and an approach to conformance 
monitoring which utilizes both the structure-based abstractions and intent is presented. 

(213) A proposed representation of the current conformance monitoring processes for a tactical ATCo is 
presented in [2]. The conformance monitoring function determines whether the behaviour of an aircraft 
observed through surveillance systems (including the controller’s perception and attention channels) is 
consistent with their expectation given the conformance basis. The conformance basis is transformed 
into these expected states through the controller’s mental model which is compared to the observed 
states surveyed from the “real world”. 
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Figure 10: Example of controller conformance monitoring processes 
 

3.7.3. References 

[1] EATCHIP III Evaluation and demonstration PHASE 3A Added Functions Experiment EEC Note No. 
21/99 Harvey A, Salomon R, Jeannot E, ,Graham R, 1998. and EATCHIP III Evaluation and demonstration 
PHASE 3 Project, Experiment 3Abis: MTCD Final Report EEC Report No. 355 Harvey A, Costello, C, 
2000. 

[2] Structure, Intent & Conformance Monitoring in ATC, T.G. Reynolds, J.M. Histon, H.J. Davison, R.J. 
Hansman, ATM2002 Workshop on ATM System Architectures and CNS Technologies, Capri, Italy, 22-
26 September, 2002.  
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Trajectory 
deviations 
Monitoring aids 

Executive 
Controller 

The experimentations study several 
functions. Among them, Non Conformance 
Warning (NCW) and Reminders (for 
“Transfer”, “Top of descent” and “Route”). 
NCWs were considered relevant by 
participants (especially FL Deviation and FL 
Bust) but it should be noted that other system 
functions (mainly trajectory prediction) may 
negate this and that predefined system 
parameters play an important role. The 
Lateral deviation reminder was heavily 
criticised and perceived to provoke workload 
due to the poor TP and to the parameters. 
The time to process a NCW is identified 
between 2 and 3 minutes. 
The most useful Reminder was Transfer 
followed by Route then Top of descent.  

The experiments show that MONA 
functions are considered useful, in 
particular Non Conformance 
Warnings (excluding Lateral 
Deviation) and the Transfer 
Reminder. 
The MONA functions are very 
dependent on the accuracy of the TP. 
No studies are conducted in regards 
with time or speed deviations. 

The 
experimentations 
are not recent 
(1999). 

[1] 

Perception 
Doubt 
management 

Executive 
Controller 

 The controllers do not think that 
MONA would significantly change the 
way they do their job. 
If parameters are badly set, NCW are 
not accurate and are usefulness and 
might increase the workload. 

The experiment was conducted 
on Maastricht UAC Luxembourg 
airspace and the French civil 
airspace of Paris ACC and Reims 
ACC, with French military Radar. 
It was conducted over fifteen 
days, with the first five days 
reserved for training.  
Six control positions (PARIS, YR 
and LUX sectors - civil 
Planning/Tactical), one military 
position, and three feed positions 
were simulated. Measurement 
techniques included system 
recordings (HMI input/output, 
R/T), questionnaires, semi-
structured interviews, 
Instantaneous Self-Assessment 
(ISA) and NASA Task Load Index 
(NASA TLX) workload 
measurement. 

Various advanced 
functions such as 
STCA, MTCD, 
MONA are 
combined... In this 
context, the 
impacts of MONA 
functions on the 
ATCo cognitive 
process and more 
precisely at the 
question about the 
ATCos perception 
of the trajectory 
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  deviation are not 
studied specifically 
and deeply. 

Perception 
process 
Doubt 
Management 

Actors on the 
CWP : PC & 
EC 

A subset of the general monitoring process is 
the conformance monitoring function required 
to determine whether aircraft are adhering to 
the trajectories implied by the “Current Plan”. 
The “Current Plan” is the controller‘s internal 
representation of the schedule of events and 
commands to be implemented as well as the 
resulting aircraft trajectories that will ensure 
that the air traffic situation evolves in an 
efficient and conflict-free manner. 
A detailed controller conformance monitoring 
process is proposed and is based on 
abstractions (pilot, aircraft and surveillance 
models). 

Based on observations results, a 
model of key ATC processes and 
controller cognitive abstraction has 
been developed. In the model, it is 
asserted that controllers rely on 
underlying airspace structure and 
procedures to support Situation 
Awareness and to reduce the 
complexity of the planning and 
conformance monitoring tasks. The 
modelling approach was further 
developed for the task of 
conformance monitoring. 
Doubt management is indirectly 
addressed via the decision making 
processes which encompass 
monitoring, evaluating and planning. 

The conformance 
monitoring 
process is used as 
an example to 
more deeply 
consider the 
cognitive 
processes relating 
structure and 
intent. 
 

Trajectory 
deviations 

Actors on the 
CWP : PC & 
EC 

 Classic trajectory deviations such as 
FL lateral or speed deviations are not 
detailed but the model encompasses 
all the cases in a generic way. 

 

[2] 

Monitoring aids Actors on the 
CWP : PC & 
EC 

A framework for automatic conformance 
monitoring system is proposed in order to 
replace the controller’s working mental 
model. This automatic function aims at 
helping in any re-planning effort. 

 

A series of site visits to ATC 
facilities in the United States and 
Canada have been conducted. 
The site visits consisted of 
focused interviews with 
controllers, traffic management 
unit and training personnel as 
well as observations of live 
operations. To gain additional 
insight into the use of structural 
factors identified during the site 
visits, current traffic patterns 
were analysed using data derived 
from the Enhanced Traffic 
Management System (ETMS) 
data-stream. In order to 
investigate uses of intent in the 
current system, Host computer 
system flight plan and radar track 
data were also analysed.  

This proposal is 
not validated. 
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3.7.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(214) The references listed above do not provide a complete answer in regards with the speed deviations 
perception (no threshold identified) and with their impacts on the other cognitive processes such as 
doubt management; but many elements are relevant for ERASMUS project. 

(215) The experimentations of MONA functions show that monitoring aids shall be taken into account in the 
environment of advanced CWP even if their impacts on the controller’s working methods seem low. 
The ERASMUS concept shall cope with these tools. In addition, the main lesson learnt consists of the 
accuracy of the trajectory predictor that is mandatory to provide the controller with a relevant aid. 

(216) The study of the Conformance Monitoring & Intent tasks complements the MONA experimentations 
and proposes a rich controller mental model that encompasses perception, decision making, 
implementation, attention and monitoring. This theoretical model shall certainly be adapted to the 
ERASMUS context but it details many mechanisms to be considered during the project. 
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3.8. Simplified traffic versus cognitive economy 

(217) The ATC acts on flights in an environment that is considered as a complex one. The determinants of 
this complexity are numerous but the traffic complexity is one of them. 

(218) The current traffic covers all the characteristics of a complex object (according to the Woods model):  

• the dynamic of the objects which are managed (aircrafts), 
• the voluminous stimuli which are provided by the traffic (parameters, various data…), 
• the uncertainty of the data (which are potentially ambiguous, erroneous, incomplete or imprecise), 
• the interconnection between aircrafts, 
• the risk of the actions on the traffic. 

(219) This traffic complexity is usually considered as a main point of cost in terms of human mental 
resources. Consequently, one of the most important question concerns the potential effects of a traffic 
simplification on the mental resources economy. 

3.8.1. Analysis Grid Set-up 

(220) We focus our analysis on a human factors point of view. Our general questions are: 

• What is a simplified traffic for a human actor? 
• What are the stakes of a complexity reduction in the human point of view? 

(221) In order to approach those issues, we review the projects according to the following targeted points: 

1.) How to consider the traffic complexity? 

 Do the works dealing with complexity distinguish the human (subjective) and the technical 
(objective) complexity? 

 Do the works dealing with the complexity take into account the ability of the human to learn 
about the traffic characteristics to integrate them in his traffic management strategies in order 
to simplify the situation? (notion of “learning actor”)? 

2.) How to explain the complexity? 

 What are the relevant indicators of the complexity according to the human actor? 
 Does the complexity deal with the present or the future traffic situation? In others terms, what 

is the temporal horizon of the managed complexity? Actually, we may take the hypothesis that 
for the human the complexity of the situation is not so related to the present and real traffic but 
linked to the future situation which he or she is anticipating. 

 Does the complexity deal with the problem or the solution? In fact, the question is to know 
what is the more penalizing for a human operator: the complexity of the problem or the 
complexity of the solution (for example, a situation which could be considered as a complex 
one regarding to its objective characteristics may be simple if the operator knows what solution 
is applicable)? 

3.) What are the identified solutions to reduce the traffic complexity? 

 Are they technical or human? 
 What are the proposed technological means to reduce the complexity? 
 On what kind of object do they intervene (Information nature or quality, traffic organization, 

working methods, traffic quantity, routines tasks or complex ones …)? 
 Do they observe some human strategies to reduce the complexity (for example strategies of 

complexity management or of complexity avoidance)? If yes, what are they? 
4.) What are the effects of the traffic complexity variation on the human work? 
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 What are the effects on the nature and characteristics of the human task (for example change 
in the type of control process)? 

 Do they identify new constraints or requirements for the human activity? Do the reasoning 
strategies change? 

 Do they observe some paradoxical effects (for example the human could voluntary introduce 
complexity in order to maintain his activity level)? 

 Do they dimension or estimate the resources gain for the human operator? 
 What are the effects on the activity apprehension (Perceived difficulty, workload, safety, 

commitment)? 

3.8.2. Projects Review 

(222) EUROCONTROL (EEC) provided a note in the framework of the COCA project (Complexity and 
Capacity) [1]. It concerns a literature review about the Complexity in the ATC both at a theoretical and 
empirical level. It links the complexity notion to the controller workload. The aim of COCA was to build 
a cognitive model which is based on a complexity approach. 

3.8.3. References 

[1] Cognitive complexity in air traffic control: a literature review, B. Hilburn, EUROCONTROL Note 04/04 

[2] Exigences et gestion temporelle dans les environnements dynamiques, JM. Cellier in La gestion du 
temps dans les environnements dynamiques (Cellier, De Keyser & Vallot), 1996. 

[3] Vocabulaire de l’ergonomie, sous la direction de M. de Montmollin, 1997. 
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3.8.4. Synthesis
 

Simplified traffic versus cognitive economy 
 Content Methodology 

Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ Validity 

Complexity 
ATC complexity 
 

Modelling 
Attempt of the 
ATC “cognitive 
complexity” 
(COCA) 

• The ATC complexity is usually defined by a list of 
factors. 

• “Complex” and “complicated” are not exactly synonym 
(Cilliers – 1998): 

- “complicated”: concerns the number of elements of the 
system. 
- “complex”: concerns the nature of the relationships 
between the elements in terms of quantity, opacity, 
dynamic, ability to be mathematically modelled, 
redundancy, linearity.  

=> In the ATC domain, there are a 
lot of studies concerning the 
“complexity” notion, but few 
definitions of it 
 
 
=> The quantity criteria is not 
sufficient to understand the traffic 
complexity 
 
 

Literature 
review 

• Focus on US studies 
(limits of the 
transposition results in 
the European context) 

• Difficulty to compare the 
content of the surveys 
because of the definition 
lack (about the common 
object: complexity) and 
the big differences of 
study contexts 

[1]  

Complexity 
factors 
Dynamic 
Density 

 • Face to a same factors constellation of complexity, 
controllers responds differently (Mogford & al. – 1994). 

• 108 different factors of complexity are identified. They 
usually concern characteristics of the sector, flights, 
airspace, traffic density, conflicts nature, flow 
organisation, communication constraints time and 
weather.  

• Works on the dynamic density attempt to measure a 
control-related workload that is function of the number 
of aircraft and the complexity of traffic patterns in a 
volume of airspace.  

• ATC complexity factors vary with the sector and the 
context.   

• The interaction between complexity factors is non 
linear. (Chatterji & Sridhar – 2001).   

=> It seems difficult to build a 
generic and universal model of the 
ATC complexity (on a HF point of 
view) 
 
 
 
 
 
 
 
 
 
 
 
=> No single factor captures the 
fullness of ATC complexity for a 
human point of view.   

Literature 
review 

Indicators are often not 
sufficiently defined and 
detailed (in terms of means 
to measure them) 
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Traffic density 
 

 • Complexity is traditionally associated to the traffic 
density factor.  

• But, some results illustrate that the complexity may 
varies independently of the traffic density (Van Gent & 
al. – 1997). 

=> The traffic density factor is the 
best available indicator of 
complexity, but it is not sufficient to 
capture the richness of what 
controllers find complex. 

 ATC researchers both use 
and critic this factor (which 
becomes ambivalent) 

Cognitive 
complexity 
Subjective 
complexity 

 • Some studies attempt to make the link between the 
traffic characteristic and the cognitive activity in order 
to evaluate the perceived complexity of an air traffic 
situation. (Pawlack – 1996-1997).  

• The link between the difficulty to detect and the 
difficulty to resolve is not reciprocity one (Warren – 
1997).  

• Cognitive complexity is considered as a subjective 
phenomenon that is not directly observable. 

• No geometric approach has fully captured the notion of 
complexity, as it perceived by the controller. 

=> Those studies do not fully 
present the relationship between 
cognitive processes and how 
differing levels of complexity affect 
them. It seems not possible to 
identify the boundary between a 
“controllable” and “uncontrollable” 
situation.  

Interviews 
Behaviour 
observation
s 

 

Complexity and 
workload 

 • The complexity/workload link is mediated by the 
influence of many individual characteristics 

• ATC Complexity is usually related to workload (the first 
driving the second) 

• ATC complexity may be considered as a task load 
factor (= the objective demands of a task) (Mogford – 
1995).   

=> The relationship between 
complexity and workload is an 
indirect one 
=> The factors of complexity, which 
could influence the workload or 
make the link with it, are not 
identified. 
=> Literature seems to consider the 
workload as an appropriate criterion 
measure for air traffic complexity…  
=> The evaluation of complexity by 
controller is too linked with their 
workload perception (i.e. There is no 
evidence that they can provide valid 
and reliable complexity ratings 
separate from rated workload).  

Interviews 
Behaviour 
observation
s 
Physical 
data collect 

• The range of the 
workload concept 

• Difficulty to have 
common, relevant and 
exhaustive metrics and 
indicators to measure 
workload 

Complexity and 
human errors 

 • 4 surveys state that the most ATC errors occurred 
during low or moderate traffic load and normal traffic 
complexity. Only one study finds a link between ATC 
errors and traffic complexity (Grossberg - 1989). 

=> There is no convincing link 
between traffic complexity and ATC 
errors. 

Incidents 
analysis 

 

 

Complexity  • ATC is a probabilistic environment (Leroux – 1992).  => The large solution space (thus,  • The compensatory 
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reduction by 
human adaptive 
strategies 

• Many (and different) strategies provide the same 
acceptable outcome. Moreover, an improper behaviour 
does not necessarily lead to a negative outcome 
(Reason – 1988).  

• Controllers respond to complexity through cognitive 
strategies (Histon – 2002). To understand and simplify 
a traffic pattern, they use “structural abstractions” 
(which supposes that there is an “underlying 
structure”): 

- standard flows 
- groupings 
- critical points 
Those abstractions drive the projection of the future state 
of the traffic.   
• They are able to develop heuristics which guide him in 

both problem recognition and decision making (with 
experience, training, skill development, routines, and 
ability to have a limited rationality …). They are able to 
shift tasks from controlled to automatic processing.  

• They base their decisions on intuition (Dreyfus – 1986) 
and quick recognition of situations.  

• They change the way in which they perceive or 
organise information to compensate the variation of 
the tasks conditions (Davison & Hansman – 2002).   

• But, the human strategies of complexity reduction can 
introduce some bias.  

the reduced constraints) ensures the 
complex problems management by 
the human controller. 
=> It is not necessary to apply 
optimised solution (efficient are 
sufficient to handle the traffic).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
=> The complexity is humanly 
apprehended by the perception.  
 
 
 
 
 
=> Those strategies are considered 
as dynamic and idiosyncratic ones.  

strategies, and the 
process which sustain 
them, are not described.  

 
• Means to capture and 

qualify the influence of 
underlying traffic 
structure on complexity 
are not given (and are 
considered as an 
“intractable problem”).  

 

  No results on: 
• The technical solutions (and technological means) to 

reduce the complexity. 
• The effects of a complexity reduction on the nature 

and characteristics of the controller task. 
• The effects of a complexity reduction on the activity 

apprehension (safety feeling, commitment feeling), 
expect on the workload.   

• The effects of a complexity reduction on reasoning 
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 modes 
• The effects of a complexity reduction on the 

constraints scope or on the required skills.  
• The potential paradoxical effects of a complexity 

reduction (it is only noted through comments on 
automatic aids).  

• The estimated gain of a complexity reduction (in terms 
of human mental resources).  

[2] Cognitive 
exigency 
Complexity 
Dynamic 
Environment  

Identification of 
the cognitive 
requirements 
which are 
generated by the 
dynamic work 
situations 

• Adding an automatic function in a system creates a 
distance between the operator and the process (or the 
object) that he controls. Because of this distance, the 
system becomes more opaque. Consequently, the 
human operator increases its inference activities to 
cope with this opacity.  

• The human operator uses anticipation (of the future 
system and object states) in order to reduce the 
complexity. 

• The operator does not only anticipate the future state 
of the system, but the future action possibilities too (it 
is on this basis that he decides and allocates its own 
resources).  

=> Automation usually increases the 
task complexity (because it 
multiplies the variables which 
intervene in the process dynamic 
(De Keyser – 1990; Woods – 1988).  
 
 
 
=> A system has to provide means 
in order to facilitate the human 
anticipation of this state evolution (in 
presenting relevant indicators). 
=> Anticipation requires information 
exchanges between the agents.  

 General statements 

[3] Complexity 
Difficulty  

Specialised 
Dictionary 

• It is necessary to distinguish: 
- the task complexity: i.e. the extrinsic and objective 
tasks characteristics + the level of the system instability.  
- the complexity for the operator: in a HF point of view, 
the relevant notion is the intrinsic difficulty for the 
operator. It is decomposed in 2 elements: 1) the internal 
representation of the difficulty; 2) the real difficulty 
(visible through behaviours as errors, failures, repetitive 
attempts …).  
• The complexity and the difficulty have meaning only if 

they are related to the “competence” notion: 
- it is the level of competence which determines the 
human strategies to reduce the complexity. 
- if the competence level of operators is low, it is 
necessary to reduce the task complexity. 
- if the competence level of operators is high, it is better 

  General acceptations and 
recommendations 
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to improve their skills (task enrichment).   
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3.8.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(223) The literature review does not provide a “universal” and usable model of complexity in the ATM scope, 
which could be rigorously used by the ERASMUS project (definitions are not really shared too). But we 
may identify some important aspects to consider in ERASMUS: 

• Even if the distinction seems not really clear in the different surveys (save in the ergonomic 
definition), those ones highlight the necessity to distinguish the technical complexity (objective 
one) and the difficulty that the human feels (i.e. his apprehension of the complexity or intrinsic 
difficulty). More precisely, we note that some studies speak are about the “difficulty” notion, or the 
“cognitive complexity” one, to approach the subjective dimension of the ATC complexity. But, they 
do not analyse the content of the difficulty for the controller. They only attempt to identify, in 
disconnecting them, the environment factors of the complexity. They do not put their interest in 
characterising the nature of the difficulty. So, it is difficult to make the link with the traffic 
characteristics to use this in the ERASMUS approach. Consequently, the subjective dimension of 
the complexity is highlighted but not really investigated. We have to think about specific methods 
to work on this issue.  

• Some researches point that human operators are able to apply efficient strategies to reduce the 
complexity. Consequently, it is important to keep in mind that the link between technical complexity 
and intrinsic difficulty is not systematic and simple. In fact, the complexity cannot be envisaged in 
an “absolute” point of view, but in a “relative” one. For the operational expert, a situation is first of 
all considered as a complex one regarding to the existence (or not) of responses to cope with it.  
Per consequently, the knowledge of solutions does not change anything to the objective/technical 
complexity, but modifies the difficulty feeling of the controller and thus, the resources to allocate to 
the situation management. The situation remains complex in a technical point of view, but it 
becomes manageable for the human. Thus, it is necessary to firstly adopt a human factors point of 
view in order to identify the relevant factors on which the ERASMUS actions have to be carried 
out. Methodologically, we will have to analyse how those strategies could be modified in the 
ERASMUS environment. One limit concerns the lack of scientific description and indicators 
concerning those strategies. Let us remark that the notion of “learning actor” is not used for the 
ATC operators’ behaviours. 

• The identified factors of complexity are not totally exploitable by ERASMUS. They are too 
numerous to be usable and relevant (in fact, if we regroup/combine all the surveys results, we 
state that all the ATM elements are factors of complexity). No hierarchy seems possible. 
Moreover, their weight is too variable regarding to the context, the sector or the controller. 
Consequently, we will have to select a set of factors according to our validation goals.  

• At the Human Factors level, indicators are focussed on the workload (in a large acceptation) ones. 
But the causality link is analysed as an indirect one (passing by the task load, thus by the 
prescribed and not the effective activity). Thus, we firstly have to make the distinction between 
workload and difficulty. Secondly, we have to find others relevant indicators that the workload 
ones. Additionally, it seems necessary to make explicit our explicative assumptions concerning the 
relationship between actions on traffic elements and intrinsic difficulty (because it is this feeling 
which could economise resources). All the operator actions on traffic do not reflect the intention to 
adapt its resources to the situation. Some of them indicate the inverse logic: the aim of actions is 
to modify the situation in order to adapt it to the resources state. For example, the controller can 
decide that a potential conflict is a certain one. Seemly, he increases his workload (because he will 
have to achieve resolutions to dissolve the conflict). But in fact, he decreases it because he stops 
the detection and monitoring activities in directly acting. Thus, he increases the conflict load to 
decrease his global workload. Let us note that the effects of a complexity reduction are not 
analysed in terms of job changes or modification of the control nature (process, quality, 
supervision, regulation…). Estimation of the resources gain is not provided. The paradoxical/board 
effects are not highlighted.   
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• Mathematical and geometrical approaches are not sufficient to deal with the question of traffic 
complexity.  The specialised literature of complexity (external to the ATC domain) usually 
characterizes the complexity by the nature of the interactions between the system elements and 
the impossibility to grasp it through a mathematical approach (cf. Cilliers 1998). Conversely, ATC 
focuses on the isolated elements (in listing them) and attempts to find mathematical equation or 
geometrical modelling.    

• The principle of a “simplified traffic” is not defined (Have do we have we to consider it as the strict 
inverse characteristics of a complex one, which is not really defined?). Thus, we have to define our 
own criteria to characterise “simple” or “easy” situations. We would certainly have to precise the 
difference between “simple” and “comfortable” (that which are not synonymous). We have noted 
that the maintaining of a relatively large solutions scope, the anticipation conditions and the 
information exchange are important for the human operator decision making.  

• At a methodological level, we have to attempt mixed methods concerning the data collection 
(objective and subjective). Moreover, we will have to pay attention to the inter-individual variability 
(and so to attempt to control it in our experimental plan).  

• We do not have response concerning the relevant solutions to reduce conjointly the traffic 
complexity and the intrinsic difficulty. But, automation does not appear as a guarantee of this 
reduction (even if it is its aim).  
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3.9. Delegation of responsibilities (technical and human actors) 

(224) ATC intervenes in an environment where the risk is high, i.e. where the consequences of an action 
may be very important, notably in terms of safety. Consequently, the quality and the precision of the 
responsibilities attributed to each system actor are essential. They have implications at a legal level 
but they determine the operational tasks and human strategies too: importance of the resources which 
are mobilised in the system management; modalities of human cooperation; modalities of 
human/machine collaboration; quality of the situation apprehension (stress, safety feeling, workload 
feeling, difficulty feeling and commitment feeling). 

3.9.1. Analysis Grid Set-up 

(225) In a socio-technical system, like the ATM, the responsibility issues concern both the responsibility 
delegation between the several human actors and the responsibility repartition between human and 
machine. Thus, in our review, we first sort out the projects/concepts regarding to this dimension. 

(226) Considering that the introduction of a new element (whatever its nature is) may change the 
responsibility balance and repartition in a system, we review the part which is allocated in the 
investigation of its effects in the different project and concept. For this, we focus our review on the 
following points: 

1.) What are the criteria guiding the responsibility repartition? 

 Does the nature of the task (job repartition) determine the responsibility attribution? (For 
example piloting or controlling flight). 

 Is there logic of responsibilities fitting or responsibilities juxtaposition? (micro or macro 
responsibilities). 

 Do the object (flight, traffic, flow, action parameters…), the geographical area or the phase of 
flight determine the responsibility attribution? 

2.) Does the responsibility repartition have to be consistent with the tasks repartition? 

3.) What are the conditions to attribute a responsibility to a machine? 

 Is it possible to explicitly attribute a responsibility to a machine? 
 If yes, what is the level of responsibility formalisation? 
 Can a human share his or her responsibility with a machine? 

4.) Is it possible to have a responsibility which would be shared between several actors? 

 If yes, what are the requirements of this sharing? 
 Does the responsibility sharing generate specific incidents or errors? 

5.) What are the specific requirements of a responsibility transfer between several actors? 

 In terms of formalization level? 
 In terms of content? 
 What is the cost of the responsibility transfer in terms of resources? 

6.) What are the requirements in terms of information access and visibility according to the 
responsibility attribution (and not only according to the actions attribution)? 

 Does the restriction of the official responsibility decrease the real commitment? 
 What is the resource gain if the human is discharged from some actions but if his or her 

responsibility is maintained? 
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3.9.2. Projects Review 
 

(227) No identified relevant reference relative to the ATM domain (TCAS & ASAS) has been found. Only 
general papers about general ergonomics and psychology have been reviewed. 

3.9.3. References 

[1] L'ergonomie cognitive : un compromis nécessaire entre des approches centrées sur la machine et des 
approches centrées sur l'homme, J-M. Hoc, SELF publication, 1998.  

[2] Psychologie et ergonomie de la cognition dans les environnements technologiques, Equipe 
PERCOTEC, Université de Valenciennes, Rapport de synthèse des travaux de recherche, 2005.  

[3] The triangle model of responsibility, BR. Schlenker, TW. Britt, J. Pennington, R. Murphy & K. Doherty, 
Psychological Review, 1994, n°101 (4), p.632-652.  

[4] Ironies of automation, L. Bainbridge, Automatica, 1983, vol. 19, n°6, p.775-779, Elsevier Oxford.  
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3.9.4. Synthesis
 

Delegation of responsibilities (technical and human actors) 

 Content Methodology 

Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ 
Validity 

[1] Human Machine 
Cooperation 
conditions 

Synthesis of 
several years 
of research  

Whatever are their levels of ability, in a HM system, it 
is not possible to consider the human and the 
machine as equal and symmetric components 
because the human remains the only global 
responsible of the general HM system behaviour 
during the task execution. 

If the human is the global responsible of the HM 
system, he must have the means to detect and 
resolve the interferences between its own goals (and 
plans) and the machine ones’.  

If the human is the global responsible of the HM 
system, it is not possible to design system in a 
“residual” approach (i.e. letting to the human the only 
part that the machine is not able to do). If not, the 
human risks loosing the global control of the situation 
and the commitment of his responsibility have no 
sense.  

=> The machine task has to be totally 
cognitively integrated to the human task (near 
from the notion of “joint cognitive system”, 
which is developed by Hollnagel and Woods).  

=> The task breakdown has to be based on a 
detailed knowledge of the respective human 
and machine capabilities.   

 Observations or 
results are not 
presented. It is 
a design 
principle and 
not really a 
result. 

[2] Confidence in the 
system 

Automobile 
domain 

Study of 
human 
factors which 
determine the 
system use  

Confidence in the technical system is an important 
factor, but it is not the only one. The individual 
general attitude in the piloting activity and the 
perceived utility of the system are essential too.  

An over-confidence in the system tends to: 

- decrease the human responsibility feeling and his 
commitment in the task. 

=> A system has to provide relevant indicators 
to the human in order to facilitate his 
confidence level calibration according to the 
using context.  

Model which has 
been validated in 
numerous and 
different kinds of 
situations.  
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- induce maximal expectations which are not 
necessarily the real ones (thus decreases the safety). 

[3] 

 

Responsibility General 
model of 
individual 
responsibility 

The responsibility is what makes the link between a 
human (identity; characteristics), prescriptions (task) 
and situation (events; redefined task; intentions). It is 
a kind of “psychological glue”. 

If the links are strong, the individual responsibility is 
very important. 

Triangle Model : 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

=> Conditions of individual responsibility 
commitment: 

- if the operator knows exactly what he has to 
do 

- if what he has to do is clearly defined and 
feasible 

- if the task requirements correspond to the 
capabilities of the operator 

- if the operator agrees with those 
requirements 

=> Conditions of individual responsibility 
commitment reduction: 

- if the rules are too ambiguous, contradictory 
or useless. 

- if the operator does not master the content of 
his work or if he has not the compliant skills. 

- if the operator has not the possibility to 
influence the process, to control or to modify 
the situation (too reduced rooms of 
manoeuvre).  

- if the situation is too unpredictable or too 
determined by external processes.  

The responsibility is strongly related to the 
motivation process and the autonomy 
conditions because it is based on a dynamic of 
commitment.  

  

Prescriptions

IdentitySituation/ 
Intention 

Consistency

Influence possibility

Applicability
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[4] Automation  In automated system, the human interventions are 
theoretically less important (quantitatively). But, if the 
human knows that he could have to intervene, his 
responsibility remains the same. The problem is that 
he does not really have the qualities required to 
handle the responsibilities.  

The level of skill that a worker has is also a major 
aspect of his status, both within and outside the 
working community. If the job is 'deskilled' by being 
reduced to monitoring, this is difficult for the 
individuals involved to come to terms with. 
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3.9.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(228) Responsibility is one of the most important mechanisms that determine the human roles and attitudes 
in a system. Surprisingly, there is very little investigation about the human task achievement in 
technical domains (the ATM literature review is very light on this point). We may just retain the 
following points: 

• The responsibility repartition has to be made a) according to the respective capabilities of the 
operator and the machine; b) with a harmonised approach (in contrary to a residual one), 
consistent with the specific functioning of the human (i.e. commitment process) in order not to put 
him/her in an uncomfortable position. But we do not have detailed and relevant indications 
concerning: 
• the modalities of the H/M responsibility repartition or sharing (in terms of task nature, 

micro/macro level; object), 
• the potential conditions to attribute a responsibility to a machine, 
• the specificities of the errors which could be generated by a responsibility sharing, 
• the responsibility transfer. 

• The commitment of the responsibility is conditioned by: 
• The quality of the prescriptions (tasks, rules, modus operandi), 
• The system capability to provide relevant and sufficient information and indicators in order to 

help the human in building a balanced and realistic confidence in the technical functions. 

• Even if the used references do not explicitly distinguish them, it seems that there are two kinds of 
processes which are related to the responsibility: the “extrinsic” responsibility (the legal and 
prescribed one) and the “intrinsic” responsibility one (the responsibility feeling). They are not 
necessarily separated or opposed, but they do not refer exactly to the same levels. They cohabit 
and strongly interact to define the human commitment in his task.  
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3.10. Co-actions interferences (technical and human actors) 

(229) In the current ATM functioning, each actor has a precise scope of intervention on the traffic. 
Concerning the sector level, only pilot and radar controller can act on the flight. Those actions are 
carried out according to precise rules and are not really at the same level. The pilot acts directly on the 
aircraft regarding to company requirements and to the constraints given by the ground control. The 
controller acts indirectly on the flight by providing instructions to the pilot (for that purpose, the 
controller takes into account the pilot and the adjacent sectors requests and the state of the global 
traffic). Between the human actors in the first line, actions are coordinated and intentions are partly 
shared. Consequently, if the controller observes a trajectory deviation he or she knows that it is the 
pilot (or its AP) who acts. Moreover, the controller is the only who has the possibility to give an 
instruction to the pilot. In their area of action (the sector), the controller has significant room of 
manoeuvre to act and he or she is the “master” of it. So, between pilot, radar controller, planning 
controller and adjacent controller, we may consider that actions on the object are organised in an inter-
action process more than a co-action one. 

3.10.1. Analysis Grid Set-up 

(230) Introducing a new component (human or technical ones), which could act directly on the same object, 
at the same level and on the same geographic area than the current first line operators, supposes to 
introduce a co-action process. This raises issues concerning the effects of the co-action on the activity 
of the first line operators. We focus our review on the feasibility conditions and effects of this co-action 
process regarding to the following points: 

• What is the nature of the interferences which are generated by the co-actions? 
Do they intervene in the stability/consistency of the internal activity cycle of the controller? In 
others terms, do co-actions modify the logic of the activity achievement? 
Do they intervene on the stability of the situational awareness? 
Do they intervene on the practical skill building? i.e. some punctual co-actions could modify the 
routine behaviour of the flights. Controllers use essentially this routine behaviour in order to build 
some efficient models to anticipate traffic situation and to take resolution decision. If the “co-actor” 
intervenes only in some cases he will modify this routine behaviour (we pass from “usually this 
flight…” to “sometimes, this flight… and other times…”.). Consequently, it could block the building 
of an operational skill. 

 How to guarantee that the co-actor interventions remain consistent with the controller intentions 
(knowing that a technical system is not able to do some intentions recognition)? 

• What are the conditions for introducing a non perturbing “co-actor” in the controller activity cycle?  
 In terms of information about the co-actor action (necessary or not)? If the controller has to be 

informed, is there any gain in terms of resources if he or she has to integrate this in his or her own 
mental picture of the situation or if the co-actor frequently interrupts him/her? If not, how to 
manage the potential questioning of the board? 

 In terms of action restrictions? Is it necessary to define some specific cases or rules which specify 
who can act and when? Who has the priority (the controller or the co-actor) or who constrains 
whom? 

 What are the conditions of intervention specifications in order to allow the building of a routine 
behaviour model of the co-actor actions? (in order to avoid a final goalless result in terms of 
resources economy, the stake is to not to replace the current doubt on the conflict evolution by a 
doubt on the co-actor interventions). 
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3.10.2. Projects Review 
 

(231) In [2], R. Hansman and Hayley propose to review the different issues of the shared information 
between the main human actors of the ATM (Pilots, Controllers, and Dispatchers). It is based on a 
thematic synthesis of various works which were carried out during the 1993-2000 period. It uses a 
specific analysis grid that identifies 3 levels of decision process structuring: Unstructured/Semi 
structured/Structured. It defines the global ATM as a semi structured one. 

3.10.3. References 

[1] Cognitive complexity in air traffic control: a literature review, B. Hilburn, EUROCONTROL Note 04/04. 

[2] The effect of shared information on Pilot/controller and Controller/controller Interactions, R. Hansman 
and Hayley J. Davison, MIT, 3rd R&D ATM Seminar, 2000, Napoly. 

[3] L'ergonomie cognitive : un compromis nécessaire entre des approches centrées sur la machine et des 
approches centrées sur l'homme, J-M. Hoc, SELF publication, 1998. 

[4] Psychologie et ergonomie de la cognition dans les environnements technologiques, Equipe 
PERCOTEC, Université de Valenciennes, Rapport de synthèse des travaux de recherche, 2005. 

[5] Gestion du temps, Gestion du risque, C. Valot in La gestion du temps dans les environnements 
dynamiques (Cellier, De Keyser & Vallot), 1996. 
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3.10.4. Synthesis
 

Co-actions interferences (technical and human actors) 
 Content Methodology 
Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ 
Validity 

[1] Interferences Attention model 
(Multiple 
resources 
model) 

The degree of interference between 2 tasks can be 
characterised by the task compatibility regarding to 
the dimensions of: input modalities (visual/auditory), 
data input code (spatial/verbal) and response type 
manual/verbal) (Wickens – 1980). 

   

ATM Decision process Structuring 

More the rules and procedures are explicit in the 
decision process, more structured is the process. 
The ATM decision process is a semi structured one: 
- One part is structured: it concerns the routines 
elements between pilot and controller. It is based on 
rules and procedures.  
- One part is unstructured: it concerns the disrupted 
conditions. Rules are not visible. 
Even if the information increases the quality of the 
decision process, too much information can saturate 
the human (notably during the time critical situations). 
The goals differences between agents complicate the 
process (safety is common but criteria of system 
performance differ). 

=> To automate a process, it has to be 
structured. 
=> As the ATM has not a sufficiently 
structured decision process, it must 
remain human-centred.   
 
=> The information systems, which 
support the human in the unstructured 
decisions, must be most important in 
non-nominal situations. 
=> Experts have a higher tolerance to 
information saturation. They are able 
to filter out non-critical information.  
=> Necessity to have a clearly defined 
hierarchy in the decision/negotiation 
process. 

Shared information in Controller/Pilot Interactions 

[2] Structuring of 
the Decision 
process  
Information 
sharing 

 

The need for shared information increases when the 
clearance must be amended due to some conflict 
Relevant elements for a better shared situation 

 
=> A shared situation awareness 
increases the operators performance 

Focussed on the 
bilateral interactions 
analysis (which are 
identified according 
to a definition of the 
ATM interaction 
architecture) 
Based on operational 
observations (ATC 
facilities, flight decks, 
dispatch units) 
Based on a review of 
specific surveys  

=> It is more a 
definition of 
formalisation than 
structuring. 
=> Not information 
about the level of 
criteria that 
determines the 
categorisation of the 
decision process.  
=> Few information 
about the 
achievement 
conditions and 
metrics of the 
referenced surveys 
(So, difficulty to 
estimate the results 
generalisation 
possibility)  
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awareness concerns both environment and human 
operators subjectivity: 
1. Weather 
2. Traffic (by TCAS for example) 
3. Intentions (notably in the most complex situations) 
4. Affective information (emotional state, workload, 
urgency, stress) 

 
=> The supports of shared information 
have to respect the role of those 
different elements and adapt their 
information amount regarding to the 
complexity level of the situation. 

Shared information in Pilot/Airline Interactions 
The pilot’ requests and the dispatcher’ plans are often 
not synchronised because of the lack of rationale 
sharing.  
ACRAS system improves the shared information. 

 

Shared information in Controller/Controller Interactions 

   

It seems difficult to have actions on a flight, at a multi-
sector level, because of the coordination difficulty: 
- Cross-facility interactions are bi-lateral. 
- Controllers lost their action flexibility when the 
number of involved sectors increases.    

 

  

[3] Human Machine 
Cooperation 
conditions 

 The management of the interferences requires a 
minimal active cooperation between agents (human 
or technical).  

   

[4] Cooperation 
synchronous/ 
asynchronous 

Army aviation 
domain 
Study of the 
human 
cooperation 
between an 
acting operator 
(board pilot) and 
an strategic 
operator (who is 
deported/ 
ground)  

Cooperation between agents who are “cognitively 
distant” is characterised by: 
- a most important abstraction level of cooperation 
activities 
- a different way to manage interferences 
- an increase of the representation influence of the 
strategic operator 
- a most important focus on the individual activity ( 
operators configure their work position according to 
their own constraints) 
- a little interest for the maximisation of the external 
and common referential.     

   

[4] Tasks sharing 
(control 
repartition) 
HM Cooperation 

Automobile 
domain 
Definition of the 
criteria to share 
the H/M tasks 

The control repartition between the human (lateral 
control) and the machine (longitudinal control) is 
globally well accepted by humans. 
 There is 2 users profiles: 
- conductors with a high level of use: they more often 

=> a system, which co-acts with a 
human, has to be adaptable to the 
characteristics of: 
- its different users 
- the environment 

3 experiments on 
simulator 
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around an 
automatic 
regulator of 
inter-distances 
(between cars) 

let active the machine and they interact with it to 
adapt its behaviour to the environment (modification 
of the speed and inter distances instructions). 
- conductors with a low level of use: they have a 
decreased safety feeling and the feel uncomfortable 
to pilot. 

- the traffic around 

[5]  Risk 
Time pressure 

Global model of 
risk and time 
management in 
aeronautical 
situations  

The most important constraints of the co-action, for 
the human operator, are: 
- H/H: the variation of the risk and time criteria 
between the different group of operators (i.e. between 
controllers and pilot) who are involved in the action. 
- H/T: the specific activity rhythm of an automatic 
operator (difficulty to synchronise it with the human 
one).  
- H/T: the particular dialog with automation (in order 
to manage the co-action).  
Co-action seems difficult in reality: 
- when the workload is low, the human prefers to 
delegate the control to the automate,  
- but (paradoxically), when the workload is high, he 
prefers to stop or to bypass it.  

  General results (not 
exact details on the 
surveys) 
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3.10.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(232) Co-action generates interferences. Thus the interferences management is a “normal part” of the 
cooperation activity. To help the ERASMUS definition, we have to remember that the quality of the 
interferences management depends on several elements: 

• Co-action is better adapted for the management of the routine elements (in comparison to the non-
nominal situations) because the underlined process is more structured (i.e. it is based on rules and 
procedures non ambiguous and explicit which avoid negative interferences). 

• Co-action is facilitated if: 
• There is information sharing between the involved co-actors (but it is important not to provide 

too much information that consumes human resources). This information sharing is necessary 
to facilitate the understanding and the intentions recognition in order to avoid contradictory 
actions or negative interferences. It ensures the quality of the situation awareness. But, the 
literature review does not provide detailed indications concerning this information balance. 
This point has to be carefully investigated for the subliminal application of ERASMUS. 

• The communication support allows integrating non-verbal dimensions of the communication 
(which gives relevant information on the co-actor without spending resources in verbalisation). 
This point has to be kept in mind because of the DL environment in which ERASMUS will be 
implemented. 

• The co-actors share some goals, the criteria of situation evaluation and a similar activity 
rhythm (to economise the synchronisation efforts); 

• The number of co-actors is limited; 
• The technical system, which co-acts with the human, is adapted to the operator 

characteristics. 

(233) On the other hand, we have not find information concerning: 

• the specific impact of co-action/interferences on the reasoning strategies stability, 
• the way to identify the actions restriction (in order not to create unusable interferences), 
• the modalities to determine the hierarchy of co-actors having priority. 
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3.11. Multiplicity, complexity and dependant control actions (i.e. sequencing) 

(234) The ATM system is structured around chronological phases (strategic, pre-tactic, tactic and dynamic). 
It functions through a logic filter (cf. the Villiers’ theory), which is lead by an efficient safety finality that 
is traduced by the “sector protection”. Even if some actions are carried out on the traffic before its 
entrance in an ATC sector, the traffic preparation may be considered as a voluntary “rough one”. Thus, 
it does not really constrain the action domain of the ATC operators: sufficient rooms of manoeuvres 
are preserved to allow several resolution strategies. The traffic remains a kind of a “material” on which 
they have flexibility to handle it. They are the only actors who create dependant relationships between 
their control actions. Thus, they master this dependency. Moreover, they always keep in mind an 
alternative plan. So, they avoid building too rigid sequences in order to be able to integrate a new 
traffic, whatever its characteristics are. 

3.11.1. Analysis Grid Set-up 

(235) Introducing a new technical agent, which has the possibility to directly intervene on the resolution 
process by aircrafts trajectory adjustments, supposes us to consider issues in terms of potential 
complexity increase, even if it is not the aim of this new agent. Actually, if the system multiplies its 
intervention on aircrafts, it progressively acts on the whole traffic. Thus, it may generate dependency 
on the control actions and consequently, rigidity on the global plan of resolution of the ATC human 
operators. 

(236) We focus our review on the following points: 

• Is it possible to define a relevant balance point (which guarantees more benefits than costs)? 
• What is the threshold of the system actions, which avoids shifting on an automatic traffic 

organisation process (i.e. sequencing logic)? 
• What are the consequences on the human ATC activity in terms of intervention flexibility? 
• Does a too important level of intervention on flights change the nature of the human control 

(process, quality, supervision or monitoring control)? 
• Is it possible to identify and program relevant criteria (concerning the system intervention) 

which aims at reducing its scope in order to guaranty the necessary human rooms of 
manoeuvre on the traffic? 

• What are the effects on the controller activity? 
• Does a too important level of intervention on flights generate peripheral activities for the 

controllers? 
• Does a too important level of intervention on flights finally complicate the human activity (because 

of the difficulty to understand and follow the system actions)? 
• Does a too important level of intervention on flights incite the human to pull out from his or her task 

(and consequently to decrease his skill level)? 
• Does a too important level of intervention on flights decrease the safety and difficulty feeling of the 

human operators? 

3.11.2. Projects Review 

(237) No identified relevant references relative to the ATM domain has been found. Only general papers 
about automation, time and risk management have been reviewed. 

3.11.3. References 

[1] Ironies of automation, L. Bainbridge, Automatica, 1983, vol. 19, n°6, p.775-779, Elsevier Oxford.  
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[2] Gestion du temps, Gestion du risque, C. Valot in La gestion du temps dans les environnements 
dynamiques (Cellier, De Keyser & Vallot), 1996. 
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3.11.4. Synthesis 
 

Multiplicity, complexity and dependant control actions (i.e. sequencing) 
 Content Methodology 

Sou
rces 

Notions/Crit
eria 

Context Results description Results 
analysis 

Methods Assessment/ 
Validity 

[1] Automation Identification 
of the 
automation 
paradoxes 

• When a system takes in charge too much interventions, a paradox appears: 
- the human operator pulls out from its task 
- the situation becomes more complex  
- the human manages the most difficult situations, but he has less facilities to manage them. So, he is 
more stressed. Additionally, he spends his resources in trying to monitor what the system is doing. 
Thus, the resources economy is not high and it is more difficult to monitor than to act because of the 
vigilance mechanism  
- the required skills of the human operator are deteriorated (because they are not used)  
- the monitoring is boring but very stressful because the human keeps in mind that he might have to 
intervene (but he does not exactly know when and on what)  

   

[2] Automation Identification 
of the board 
effects of 
automation  

• If the system has a large possibility to intervene on the process, a new implicit task is generated for 
the human: the “control of the system control”. This task is often ignored in the workload estimation.  

• Operators have to permanently consider 2 different modes: Actions have to be carried out with or 
without the system. Those 2 different logics have to cohabit during the elaboration and the 
achievement of the task (thus, human has to keep consistent 2 different groups of strategies, in 
case of).     
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3.11.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(238) The ATC literature does not directly provide results on the issues concerning the dependencies in the 
control process and their effects on the human activity. In order to collect some information, we have 
used more general literature (focussed on automation issues). The main limit is that it describes some 
general principles, but does not provide detailed comments (which could allow us estimating the 
transposition possibilities of the principles). Thus we have identified what the potential side/paradoxical 
effects are, but we do not have any results in terms of balance point or threshold to avoid those 
undesirable effects. 

(239) So, at a general level, the effects of the dependant control actions on the human activity (generated by 
a too high intervention of automation) could be: 

• A complexity increase; 
• A workload increase (by the generation of new implicit tasks of control for the human – i.e. “control 

of the system control”); 
• A “binary skills management” for the human operator, which is not determined by the general 

situation but by the automate state. 
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3.12. Layered Planning  

(240) In the context of the ERASMUS project, the ATCo’s work will be described by models that represent 
work as multiple, simultaneous levels of activities and cognition. These activities are guided by goals 
with different time horizons, ranging from high-level goals regarding the general traffic situation, goal 
setting for individual aircrafts to detailed instructions to aircrafts approaching the airfield(s). 

(241) The area of “human factors” research has mainly focused on determining the capacity of human 
operators in complex environments. Originating from the (arguable) observation that human capacity 
often sets the limit for possible performance of a system, human factors have focused on the human 
operator as the source of unwanted variation in a human-machine system. In fact, automation is 
commonly used as a response to this, where automation is suggested as a way to reduce the 
uncertainty from having humans in the system or increase the capacity of the system by using 
automation as a way of replacing the human. However, it is also well-known that even highly 
automated systems have to be supervised by human operators since automation may fail. This is 
especially true in situations where its not possible shut down the process to be controlled by 
automation if something fails, as in the case of ATM. Another twist of the problem is that as complexity 
of the automation grows, so does the demands on the human supervisor since the advancement of 
automation capacity makes it increasingly difficult for him/her to understand how and why automation 
‘behaves’ in a certain way. To understand an automatic gearbox is fairly straight forward, but more 
advanced systems tend to be less transparent. Research has therefore focused largely on modelling 
human action/cognition with the purpose of understanding and predicting the response to various 
forms of changes in the equipment they use, such as automation. This section of the report has 
evaluated a number of such models. 

(242) In the ERASMUS project, automation corresponding to different (cognitive) activity levels has been 
suggested (subliminal control, autopilot ATC and enhanced medium term conflict detection), meaning 
that a basic demand on a model that could be used in the project has to describe at least those levels. 
Most models of ATC work include at least three levels, or some form of multiple processes describing 
the activities of an ATCo. From the review presented in the synthesis above, we can conclude, in line 
with the findings of Michon [11], that functional models (models where an activity/procedure is 
explained in relation to one or several goals) probably are more useful for the project than structural 
models that focus mainly on explaining cognition per se. Structural models are also in many cases 
deceptive in the sense that the orderliness of human action seemingly is the result of the organisation 
of human cognition rather than features in the environment. Rather, as pointed out in Hollnagel [4], 
performance is largely shaped by contextual features and the orderliness of behaviour is a product of 
the competence of the controller as well as the available feedback from actions and the time available 
for evaluating that feedback. Further, the decomposition of humans and machines is unfortunate when 
trying to understand the outcome of a certain composition of humans and automation. We adopt a 
perspective of human operators and the equipment as a joint system ([4] [5]), where the focus should 
be on the function of the system as a whole. From this perspective, the human operator and the 
technical system in use should not be studied as separate entities (Marti [7]), since it is more 
appropriate to study how a joint system can reach its goals in its context than to focus on limitations of 
either user or interface details [4]. The allocation of functions between the user and the technical 
systems is however still an important issue. Only if we can understand which tasks in ATC work that 
corresponds to the various levels of automation as well as the nature of those tasks, we can begin to 
reason about the impact of automation. 

(243) An ATM system comprised of ATCo’s and their equipment can be seen as a joint cognitive system 
(JCS) since it has the capacity to achieve different goals while at the same time compensate for 
changes in the environment [5]. A JCS is described in terms of what it does and why it does it, rather 
than how. An ATM-system for example guides air traffic with the purpose of optimising the traffic flow 
while maintaining safe performance conditions. It is normally assumed that a system has well-defined 
boundaries, but when a system is something more than a pure technical description, we quickly realize 
that the delimitation is a far from easy task. The solution to the problem, according to Hollnagel [5] is to 
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investigate if a component is a source of variety that allows exercise of control. If so, it should be 
considered as a part of the JCS. If not, or if the component exercises control over the own system, it 
should be considered as a part of the environment. In the case of ATM, the whole ATM can be 
considered as a JCS, but there is also a pragmatic dimension to setting the boundaries of the JCS. An 
ATCo, for example, and the equipment the ATCo uses to achieve its goals, can be considered as a 
JCS that is a part of the larger ATM-JCS. 

(244) Humans are thus essential components of a controlling system such as the ATM since humans have a 
unique capability to adapt to changes in the environment that yet is unsurpassed by machines. The 
human ability to adapt depends both on the capacity to respond to changes in the environment 
(compensatory control) and the ability to predict and take action (anticipatory control) [10]2. There are 
a number of different models that describe how humans solve these tasks. Hollnagel [5] has presented 
a multi-level model of control comprising of Targeting (goal setting), Monitoring, Regulating and 
Tracking, called the Extended Control Model (ECOM). The ECOM differs from similar models in the 
sense that it describes the different functions as parallel processes that interact with each other (see 
figure 1). 

 

 

 

 

 

 

 

 

 

Figure 1  The Extended Control Model (see Hollnagel, 2005). 

(245) The levels of ECOM applied to ATCo work could be summarised as follows: 

• Targeting: At the targeting level, the ATCo’s own expectations of what will happen in the future 
derive plans and goals, like, for instance arrival/departure or possible conflicts. Short and long 
term goals are set up and prioritised, which affect goal setting on lower levels. 

• Monitoring: At the monitoring level, the system keeps track of the traffic environment, and makes 
plans both from feedback from lower levels and expectations from the higher level. The plans 
generated are used by the regulating and tracking loops. 

• Regulating: At the regulating level, tasks like target speed, specific position and movement of the 
traffic elements are controlled, often involving a number of tracking sub-loops. 

• Tracking: At the tracking level, feedback tasks controlled by higher levels’ goals and targets are 
performed, e.g. keeping track of aircraft in the sector, setting speeds, keep track of distance 
between aircrafts etc. For an experienced ATCo, these actions are performed almost 
automatically. 

(246) The impact of the suggested levels of automation could be evaluated by using a model based on the 
ECOM. A careful analysis of ATCo as well as pilot work, connected to the different control levels would 
be needed in order to achieve this. Such an analysis may very well be grounded in existing work. The 
EATMP [10] (see also Kallus and al, [6]) task and job analysis are probably two of the most relevant 

                                                      
2 In the EATMP report, the terms ‘bottom up’ vs ‘top down’ is used rather than compensatory/anticipatory. We believe that is more 

appropriate to use the terms ‘compensatory’ and ‘anticipatory’ since those terms relate to a control activity in a clearer way.  
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references in this section of the state-of-the-art report since they include both a multi-layered control 
model, an analysis of the level of anticipatory/compensatory behaviour in the different ATC levels as 
well as a description of the various sub-processes involved. If combined with the JCS perspective, 
these findings should be possible to be used as a basis for the analysis needed in the ERASMUS 
project. Especially, the EATMP findings [10] regarding the anticipatory/compensatory control modes of 
the ATCo’s provide important input to the level of automation desired on the various ATC positions. 

(247) An important finding from the EATMP report [10], Marti (2000), as well as the work by Niessen and al. 
[8] is that not only the “pure” cognitive processes and the normative descriptions of work processes 
matter when discussing ATCo work. Niessen and al. [8] found that the level of experience of the ATC 
affects how much and what type of information that is searched by an ATCo. Less experienced ATC’s 
used more planning data, especially data needed for short-term planning. The EATMP report [10] 
investigated ATC work in several different countries in Europe and found that significant differences in 
ATCo work exist depending on the region. It is thus important to base models of ATCo cognitive 
processes on a large data set from different ATCo’s collected at several sites (as in the [10]) in order 
to capture to processes that actually are commonplace for all ATCo work and highlight important 
differences between different regions. Although the task is seemingly similar, there are large 
differences within Europe in terms of equipment, average workload, language skills, average age of 
ATCo’s etc. The attitude towards automation, and technological change in general, may thus differ and 
be an important factor for understanding how systems like the once suggested in ERASMUS will be 
received, both in terms of attitudes towards automation and actual outcome of the implementation. The 
substitution myth described in Dekker & Woods [2] is therefore a highly important issue in the 
ERASMUS project. It is essential that the development of the automation in the project is done 
acknowledging that the introduction of automation is likely to have not only positive impact on the work 
of the ATC personnel, especially when we focus on the issue of full automation of subliminal tasks. 
Thus, to work with simulation of ATCo’s in the evaluation phase of ERASMUS, as in the case of 
Corker and al. [1] must be considered with great care, since it is absolutely essential to understand on 
what premises the simulation behaves. 

(248) From the perspective of modelling ATCo activities, issues like experience, attitudes, culture etc are a 
part of the “competence”3 of the ATCo’s, meaning that it will influence both their ability to adapt to 
changes in terms of technical support, as well as the outcome of the work they conduct. Such factors 
should hence be a part of the model. Once again, the ECOM could probably be used for doing this by 
taking the effect such factors will have on goal setting on the different levels into account. 

(249) Regarding the methodology used for developing the layered models in this review, most of the 
literature that was considered as relevant for the ERASMUS project has utilized some form of task 
analysis (TA). This seems relevant since it probably is more important for the ERASMUS project to 
achieve a good qualitative understanding of actual ATC work than to achieve precise psychometric 
measures of pre-defined tasks. The walk-through of various task analysis methods in relation to 
analysis of ATC work by Redding and Seamster [9] provides a number of examples that show how 
task analysis can be used, as well as a discussion about which kind of task analysis that is most 
appropriate depending on the purpose of the investigation. 

(250) Another, perhaps not unique, but notable method found in the review used by Niessen and al. [8] was 
to mask out data from the equipment used by the ATCo’s in order to investigate what types of data 
that where relevant to them, echoing the technique of withholding information made popular by 
Marshall and al. (1981). Although Nissen and al. [8] approached ATCo cognition from an information 
processing perspective, the concept could possibly be used for the ERASMUS project by for example 
masking/re-allocating functions corresponding to different cognitive level/activities as a way of 
establishing the appropriate level of automation. 

                                                      
3 Hollnagel (2000) uses the term “competence” when discussing the basic repertoire of actions that a controller can present in a given 

situation. Competence differs between controllers depending on training, experience, attitudes etc.  



 
                      ERASMUS
State of the art - V 1.2

 

ERASMUS - RELEASED - WP2 - D 2 1 - V 1.2.doc 

Revision date - 8/01/2007                                                                  - Page 104 of 116 - 

3.12.1. Analysis Grid Setup 

(251) The review focuses on models describing work, cognition and control on multiple levels, both internal 
(i.e., for the single ATCo) as well as more holistic (contextualised or systemic models). First, literature 
based in ATCo work should be utilized, second, literature from similar fields, and thirdly material that 
describes general models of cognition from fields such as cognitive psychology, control theory, 
‘distributed’ perspectives on cognition and artificial intelligence that could be relevant to the project. 
The literature review may consider both structural as well as functional models. 

(252) To be included in the analysis, the models have to address as many as possible of the following 
issues: 

• The model must explain how a controller/several controllers can control a complex situation; 
• The model should explain control as multi-level rather than single activities in a way that 

corresponds to the suggested automation modes in ERASMUS, and emphasising both feed 
forward (planning, anticipatory) driven actions and feedback (compensatory, reactive) driven 
action. 

• How controller performance is affected by variation in the operating conditions (external demands, 
etc.); 

• It should be possible to analyse how automation affects the ability to control in different situations; 
• It should be possible to relate/use the model when considering safety issues in automation work, 

specifically how the distribution of control between the human operator and the automation affects 
this. 

3.12.2. Projects Review 

(253) The presented material is focused mostly on research on cognition in relation to ATM and automation. 
The EATMP is a central resource. Work from general research on human cognition has also been 
considered. 
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3.12.4. Synthesis
 

Layered Planning 
Content Methodology 

Sour
ces 

Notions/Criteria Context Results description Results analysis Methods Assessment/ 
Validity 

[1] Describes a systemic model of 
human/automation dynamics in 
ATM. Based on the three levels 
SRK-model (Skill based, Rule 
based and Knowledge based) of 
human performance. 

Automation of ATM. 
Prediction of human 
performance 

The model was used to 
predict human performance 
in three different AT 
scenarios.  

The Midas model is possibly useful for some 
phase of evaluation of the suggested 
automation levels in the ERASMUS project.  

Scenario testing of 
simulated controllers using 
the MIDAS-model 

Earlier studies 

[2] Discusses current approaches 
to dividing tasks between 
automation and operators 

Automation work in 
general 

Criticizes many of the current 
approaches based on the fact 
that many of them lack a 
reasonable understanding of 
human performance. 

Identifies a number of important aspects of 
automation work (The Substitution Myth, 
Transformation and Adaptation, Automation as 
a team player). Most relevant for the 
ERASMUS project. 

No Applicable Referential (Earlier 
work/Other 
research).  

[3] Describes a cognitive of ATCo 
work based on three ‘modes’ 
(Monitoring, Event integration 
and Action regulation) 
corresponding to 
representational levels.  

Modelling of ATCo 
cognitive processes. 
Specifically which 
information was 
needed in order to 
create the ‘mental 
picture’ used by the 
ATCo.  

Three level information 
processing model.  

Possible approach to ATC cognition. 
Applicability for ERASMUS limited in 
comparison to other sources in this report. 

Quantitative. 
Experiments with expert 
ATCo’s using EnCoRe-
Plus. Experts had to 
perform task of both the 
planning and executive 
controller. 

Replication of 
experiment. Author 
suggests further 
validation.  

[4]  Describes a Contextual Control 
Model that relates performance 
to four different control modes 
(Scrambled, Opportunistic, 
Tactical and Strategic). 

Discusses modelling 
of human cognition.  

Compare information 
processing models with 
functional models. Promotes 
the idea that behaviour 
primarily is driven by 
intentionality and contextual 
features. Suggests a 
Contextual Control Model 
(COCOM). 

The COCOM is promising as a functional 
approach to modelling human action. Clearly 
relevant to the ERASMUS project. No actual 
investigation of ATC work is included; analysis 
of ATC work is therefore needed before it can 
be used in the ERASMUS project.  

No Applicable Referential (Earlier 
Work/Other 
Research) 
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[5] Describes how focal work 
related issues depend on the 
scope of the system described, 
i.e., where the boundary 
between the system and the 
‘environment’ is set. 

Air traffic 
management and the 
change from 
controlled to free 
flight 

The Cognitive Systems 
Engineering (CSE) principles 
are used to illustrate the 
consequences of defining 
different boundaries. 

The approach is necessary as a precursor The 
to more detailed human factors studies. 

CSE-based method for 
boundary delineation 

Supported by work in 
other industrial 
domains. 

[6] Analysis of ATCo work. Five 
task processes, four sub-
processes and on control 
process in ATCo work has been 
identified.  

Modelling of ATCo 
work. 

Reference model of ATC 
work. 

Elaborate model based on a substantial 
number of AT controllers from various places in 
Europe. Highly relevant for ERASMUS. 

Qualitative. Task analysis 
based on cognitive 
interviews and flight 
progress reconstruction 
with 36 AT en-route 
controllers from five control 
centres in Europe 

No replication, but 
substantial data set. 

[7]  Analysis of ATCo work, 
specifically tower control. Model 
of ATCo main tasks 
(Management of landing and 
take-off (top level), planning, 
monitoring). Presentation of 
how a distributed cognition 
perspective can be used to 
support design of new technical 
systems. 

Modelling of ATCo 
work. Design of new 
technology. 

Model of ATCo work. 
Elaborate discussion of 
appropriate unit of analysis 
for investigations of ATC 
work.  

Important points are made regarding the 
difference between normative descriptions of 
ATCo work and actual ATCo work. A systemic 
distributed perspective, taking the environment 
into account in analysis, is proposed. 
Considering the socio-technical dimension of 
ERASMUS, this should be relevant for the 
project.  

Qualitative. 
Data from EU-project 
ATHOS (Airport Tower 
Harmonised cOntroller 
System). Ethnographic 
study (observation and 
interviews).  

Relevant unit of 
analysis. Only 
empirical material 
from one airport 
reported. 

[8] Model of the cognitive activities 
of experience ATCo’s. 

Cognitive Model of 
ATC en-route work. 
Special focus on 
resources used 
depending on level of 
ATC experience. 

MoFi4 model based on three 
connected information 
processing loops. Results 
indicate that the level of 
experience affect what kind 
of information the ATCo 
search for.  

The issue of level of experience of ATCo’s 
should probably be considered in relation to 
automation issues. Results indicate that there 
may be different needs and consequences in 
relation to automation depending on experience 
of the ATCo.  

Quantitative. 
Experimental research with 
36 ATC’s from Berlin CC 
using ENCoRe-PLus. 

No replication 
Relevant participants 
(real ATM 
controllers) have 
been used) which 
should increase 
validity of findings 
compared to studies 
using non-expert 
participants. 

                                                      
4 Modell der Fluglotsenleistungen 
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[9] Expert mental model of en-route 
ATCo combining both ‘mental 
model’ and ‘knowledge 
structure’. 

Task analysis of 
ATCo work. 

Authors present how the 
expert mental model has 
been used in relation to 
different areas such as error 
analysis, training, resource 
management, but also 
automation. Task analysis as 
a tool in for analysing ATCo 
work is also described. 

The suggested application of the model 
presented is less relevant for the ERASMUS 
project. The presentation of task analysis and 
the way it has been used may be relevant 
depending on the development of the project.  

Cognitive task analysis Referential.  
The argumentation 
for the use of 
cognitive task 
analysis in ATC 
investigations has a 
substantial base.  

[10] Three layered model of ATCo 
cognitive processes (Sub-
processes, Task Processes and 
Control Processes).Detailed 
flow diagrams of individual 
processes.  

Task analysis of 
ATCo work. 

A comprehensive report on 
ATC work both in en-route, 
arrival-departure and 
aerodrome positions. Also 
addresses issues of ATCo 
experience, regional 
differences, the balance 
between pro-active and re-
active control, stress-strain 
and communication. Also 
discuss the results in relation 
to training and systems 
development.  

High level of detail in the descriptions. Explains 
ATCo work on multiple levels that corresponds 
well to the suggested automation levels of 
ERASMUS. Clearly relevant for the ERASMUS 
project. 

Task analysis. Substantial empirical 
material.  

[11] Based on an extensive literature 
survey, proposes a model of 
driving comprising three 
simultaneous levels: Strategic, 
manoeuvring, and control. 

Specifically driving 
and automobile 
through traffic, but 
more generally 
controlling a process 
in a dynamic 
environment. 

The model is illustrated by 
comparing it to production-
rule models of the same type 
of performance. It is argued 
that such models – prevalent 
in the 1980s – are basically 
too inflexible to account for 
dynamic control. 

The model breaks new ground by taking a 
functional rather than structural view, i.e., what 
actions are rather than what ‘mechanisms’ may 
be capable of carrying them out. 

No specific methods are 
proposed. 

This is considered a 
standard model in 
automotive research, 
and is commonly 
used as a basis for 
studies and design. 
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3.12.5. Useful Considerations for ERASMUS 

☺ - quick look !   

(254) To summarise this section, the following recommendations can be made from the state-of-the-art 
assessment of layered models of ATCo work: 

• Functional models, describing multi-level activities in relation to goals or processes, seems more 
appropriate than structural/information processing models that primarily try to explain the inner 
working of the mind. Functional approaches also simplify the reasoning of function allocation, a 
central aspect of automation design. 

• The model should be contextual, i.e. it should explain how action is shaped by the environment as 
well as the dynamics of ATCo work. The idea that performance largely is affected by circumstantial 
factors, and that such factors affect the mode/level of control that a system can reach is 
fundamental if one wants to understand actual work. ATCo work is characterised by complexity 
and rapid change, meaning that this point is particularly important for the ERASMUS project. 

• The model should preferably be based on a distributed or joint systems perspective, meaning that 
the resources in terms of artefacts and work procedures used by the ATCo(s) should be 
considered as essential parts in the goal-oriented activity in a socio-technical system. The 
performance of a system is from this point of view shaped by the available technical artefacts, 
without saying that simply replacing one component in a system with a “better” should improve 
performance. 

• If the project decides to follow the recommendation of utilizing a functional approach, it should be 
methodologically sound to adapt task analysis as a method. Task analysis couples neatly to a 
functional perspective since it also is based on an understanding of the goal(s) in an activity. 
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4. Conclusions 

(255) Considering the thematic related to technical aspects such as FMS Trajectory Prediction, aircraft 
speed management and possible Data Link solutions, this state of the art analysis concludes that: 

• a close communication should be established with AP16 team that are also working actively on 
Trajectory Prediction, 

• The RTA capability should be considered as a possible solution to solve conflicts in the ERASMUS 
concept, 

• Air-Ground communications could be used to improve current ground aircraft models (e.g. real 
time knowledge of aircraft weight), 

• only manoeuvres safely inside the performance envelope should be considered for ERASMUS 
application and thus the current performance of CTAS should be satisfactory, 

• ADS-C and especially ADS-B are promising candidates to provide ATM ground systems with 
aircraft intent data that  would help in a better ground Trajectory prediction, 

• Current CPDLC application enables the sending of speed clearances in a subliminal way for the 
controller but not for the pilot as the CPDLC function was certified with the assumption that the 
pilot will always be in the loop, i.e., all clearances are presented to the pilot and for each received 
clearance (or messages), the pilot then accepts and performs the required action or rejects the 
clearance. This limitation doesn’t prevent to perform subliminal application on the ground in an 
initial step. The benefits of having automation between the CPDLC function and the FMS system 
thus allowing the subliminal application for the pilot perspective should be evaluated during the 
project. 

• During the timeframe devoted to this state of the art analysis, no standardized solution has been 
identified for up-linking meteorological information to the aircraft in order to enhance its trajectory 
prediction. In addition, it appears that most of the ATM systems do not have accurate 
meteorological information. Therefore, a solution where the airline operation could send such 
information to the aircraft should be investigated in the ERASMUS concept definition. 

(256) Concerning the human factors dimensions, related to the doubt management mechanisms, the 
simplified traffic characteristics, the responsibility processes, the co-action conditions, the control 
dependencies and the layer planning aspects, the results of the literature review are very unequal 
regarding our targeted issues. Actually, for the main part of our initial questionings (presented in each 
analysis grid set up), we do not have complete or adapted responses. This statement is particularly 
true concerning the responsibility, the co-action interferences and the control dependencies issues. 
However, we retain that: 

• The issue of the ATCo cognitive economy is well investigated, but only few elements are available 
concerning the specific doubt and attention management processes: 
I. The ATM design usually apprehends them in a logic of information aided by assistant tools 

(so, it only focuses on HMI aspects). 
II. Very few links are made between attention, doubt management and conflict perception. 
III. It appears that there is probably a primacy of the perception over the cognition. 

Nevertheless, it could be necessary to collect more results in order to confirm the first 
research conclusions on this issue. Moreover, some specific investigations are required to 
know what the conditions of the perception modification are. 

IV. It is necessary to distinguish the technical dimension of a conflict and its human one (notion 
of “perceived risk”). 

V. A certain level of agreement should exist among controllers regarding conflict judgment by 
itself, and should be observable particularly when considering the detection process. 
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• The use of functional models, which let a sufficient part to the intentions and to the contextual 
features, seems more relevant than the use of information models in the ERASMUS perspective; 

• The numerous surveys, which have investigated the ATM complexity, do not yet provide sufficient 
results concerning the human dimension of it: 
I. Even if the difference is stated in specific researches, some confusions remain between the 

external complexity (i.e. environment, system and technical aspects of the complexity) and 
the internal one (i.e. the difficulty that is lived by the human actor). 

II. Researches do not provide relevant or complete indicators (and thus, metrics) concerning 
the definition of what a “simplified traffic” or “manageable situations” are for the air traffic 
controller. 

III. Nevertheless, we know that controllers use some strategies to reduce the situation 
complexity (even if they are not currently so well-known). 

IV. Mixed methods (observations & interviews) are required in order to apprehend the 
complexity issue. 

• The global logic of the human activity has not really been apprehended. Researches often focus 
on localised sides of the activity. In considering it as a kind of “modular structure”, it does not allow 
to access to the human strategies.  

• It seems difficult to design systems that are able to imitate or to be synchronised with the human 
operator whose uses them. Actually, even if humans act following some rules, they sustain their 
activity on complex, interconnected and in visible processes (which are not yet completely 
modelled).  

• A successful co-action management is dependant on several conditions: it is better if it concerns 
routines elements of the activity in where the process is structured and if a right balance is found in 
the level of information sharing. 

• The responsibility issue does not only refer to legal dimensions. Two kinds of responsibility have to 
be distinguished: the extrinsic and the intrinsic one. In the ATM scope, we do not have result about 
their specific articulation.  

(257) Considering that some questions remain without answers, ERASMUS would have to make choices in 
terms of assumptions, in order to determinate its basic human factors postulates. Concerning some 
targeted points, some specific issues would be integrated as research questions in the ERASMUS 
experiments. 
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