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Estimation of En-Route Aircraft Emissions with
Remote Sensing Tools (EMSAi1Ted Project): a

Viability Study.

Peter Lubrani, INECO, SPAIN, Manuel Pujadas & Lourdes Nufiez, CIEMAT, SPAIN

Abstract— Here we present the results of the viability study
conducted on the use of remote sensing tools for the estimation of
the air traffic emissions produced during the en-route segment of
flight in the UT/LS region (8000-12000 m).

Among other important pollutant agents as CO, and H,O
constituting the bulk of the aircraft’s plume, finally, NO, has
been considered by the project as the gas tracer to be studied
with the highest possibilities for success. For this reason a large
amount of the project’s effort has been dedicated to the in-depth
analysis of the current technical potentials of the orbital sensors
designed for the research and characterization of the
atmosphere, with special attention for those instruments capable
of measuring the concentrations of NO; in the atmospheric layers
located in the proximity of the Tropopause.

The Canary Islands Corridor has been selected, for its high
density and stable traffic conditions, to conduct an emissions’
calculation exercise for an ideal emissions scenario obtained
starting from real traffic and operational data.

The results obtained have allowed the comparison of the above
theoretical situation with the detection limits of current space
sensors as SCIAMACHY and OMI, and thus extract conclusions
on the real measuring capabilities of these instruments. A
complete analysis of the NO, data produced in the last years by
the sensors quoted above has also been carried out. Global level
results as well as those obtained in a specific manner over areas
such as the Canary Islands’ Corridor and the North Atlantic
have also been considered by this study.

The general conclusions of the viability study are not
optimistic, as we consider practically impossible, with the current
technological level of the space sensors, to be able to detect air
traffic emissions. Nevertheless, from all the results obtained
further prospects and alternatives to improve this possibility in
the future have been proposed.

Index Terms—Aviation, Emissions, Satellite, Viability.
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I. INTRODUCTION

VIATION as an industry and ATM in particular, as part

of this industry are under a tough push and pull: on one
side the increasing demand for traffic on the other the growing
public environmental concerns.

Commercial aviation is a key worldwide activity subject to
very stringent control measures, mostly the ones related to
safety and security. The technological improvements
introduced in the aircraft in the last years have not only been
addressing the improvement of the above areas, they have also
looked and delivered improvements in the efficiency of the
engines. But, although, it is true that flight efficiency is
proceeding steadily at a pace of 2% a year, in the long-term
the aviation industry will see a decoupling of the efforts,
gained by technology, to the increase in traffic. Naturally the
increase in the net volume of pollutant emissions from this
sector is already growing.

The IPCC, as well as other bodies, have been warning of
the environmental effects that air traffic emissions could
generate, especially for their influence, in the mid to long-
term, on climate change [1].

The concern is fundamentally based on results obtained
through various research projects which started at the
beginning of the 90’s [2], [3], [4], [5]. These scientific
researches have widely documented the behaviour of the
atmosphere around the Tropopause, which corresponds to the
cruising segment of flight. As a result of this great research
effort, knowledge on the emissions produced by aircraft,
together with their influence on the chemical equilibrium of
the atmospheric region and their possible implications, in
relation to a possible climate change induced by
anthropogenic emissions, has greatly improved [6], [7].

All this knowledge has been achieved through research
programs limited in time, so the documentation of these issues
have no continuity in time. On the other hand, the key
problem consists in limiting and monitoring the real aircraft
emissions produced, unfortunately, this is still a pending issue.

It is true that important efforts have been dedicated to
achieve a theoretical quantification of the fuel burn due to
commercial air traffic as well as the quantification of
atmospheric emissions generated by air traffic and the results
can be considered as quite good [8], [9], [10], [11]. But the
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quality of the results greatly depends on the quality of the data
supplied by the aircraft manufacturers with the inherent
difficulty in obtaining an authentic guaranteed validation of
the emission indices used.

II. MOTIVATION OF THE PROJECT

A. Review Stage

The growth experienced by the air transport at a global
level in the last years has been translated finally in an increase
in the emissions of atmospheric polluting agents, which goes
against the desirable tendency of reducing the global level of
emissions. On the other hand and a particular characteristic of
the sector, the greater part of the same emissions actually
takes place around of the Tropopause, that is to say, in those
layers of the atmosphere whose physical-chemical evolution
in the mid-term is uncertain and reason for serious scientific
concern. Whatsoever and unlike other productive sectors, in
aviation not many means and tools exist to monitor and
control real emissions. These types of deficiencies were those
that inspired the EMSaiTed project.

The four main reasons for which the project was designed
follow:

1) At present no methodology is available to document in a
systematic way the real emissions coming from commercial
aviation.

2) The only open road to consider the produced emissions
in this sector is through modeling from emission factors;
nevertheless, a certain lack of confidence exists regarding the
reliability of the theoretical results that these tools offer.

3). Looking towards a possible future scenario in which the
civil aviation will enter the CO, market, it would be very
advisable, from the management point of view, to have
systems that provide direct and reliable information on these
emissions.

4) For environmental reasons, it is extremely advisable to
be able to follow the future real evolution of these types of
emissions and for that precise purpose to design new
methodologies whose management was outside the aviation
sector.

5) Connect the aviation sector to other areas of research
looking for synergies as well as for cross border innovation.

This was the strategic framework in which the EMSaiTed
project was considered, whose general mission has been to
evaluate the viability of the use of remote sensing from space
as a future tool for the direct quantification of air traffic
emissions on the en-route flight segment.

III. METHODOLOGY
The viability analysis was developed following a methodology
whose steps are hereafter described:
1*") Bibliographical Review

The objective of this phase has consisted in the
accomplishment of a retrospective analysis of the
knowledge and the experience accumulated in the different

EUROCONTROL Innovative Research Workshop 2007

international projects carried out since the beginning of the

90’s about air traffic emissions produced in different

corridors, their atmospheric impact and the availability of

related information, obtained through space remote
sensing.

The compiled information has been classified, paying
particular attention to three fundamental aspects:

- The chemical composition of the air in the corridors and
their areas of influence;

- The space sensors designed for the measurement of
atmospheric components and, specially, the results
offered by tele-detection from space on tracer gases in
the Upper Troposphere and the Lower Stratosphere
(UT/LS);

- The atmospheric dispersion/diffusion
exshaust plumes at cruise altitudes.

2") Selection of a sufficiently representative air traffic
route/corridor with intense traffic, at a world wide level,
in order to establish a scenario with well documented
emissions, with which to be able to make a realistic study.
Collection of the technical characteristics of the chosen
corridor: its traffic demand and the types of airplanes in
use.

3 Selection of concrete dates for the accomplishment of the
study and modelling of the emissions generated in that
corridor.

4™) Selection of suitable gaseous tracers
5™ Simulation of a maximum emissions’ scenario: with
representative data from the chosen corridor for the purpose of
calculating  the  attainable = maximum  atmospheric
concentrations for the selected tracers; calculation of these
concentrations and the products that the satellites offer; Cross-
check of the results of the simulation with the technical
characteristics of the systems currently operative.

6™ Analysis of the satellite data available: at first on the

global scene and secondly focusing the effort on the chosen

corridor and the selected days, establishing the corresponding
relation with the calculated emissions.

7™ General conclusions.

8™  Proposals and future prospects.

of aircraft

IV. RESULTS AND DISCUSSION

A. Bibliographical analysis

In general, the results of the international projects carried
out in the last years demonstrate that the measured
concentrations of gaseous tracers in the studied air traffic
corridors or their immediate surroundings display a strong
variability in space and time and, therefore, great
heterogeneity [12]. Among the multiple causes that explain
this, are emphasized: the variability of the dispersive
conditions; the seasonal dependency of the height of the
Tropopause with latitude; and finally, the interference
generated by the advection of pollutants from the surface to
the higher troposphere [1].

One of the better studied air traffic corridors, up until the
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present day, has been the one crossing the North Atlantic
(NAFC) and from the results obtained from the measurements
taken in-situ, we can deduce that aircraft emissions’ only have
a small impact, on the corridor scale, in the concentration of
NOx and the number of particles. The impact of CO,, CO,
H,0 and SO, emissions on the background concentrations of
the corridor is hardly measurable [2]. In table I some data
appears that allows the explanation of these experimental
results.

TABLE 1
- Variability of
Pollutant ET'S/SI'(OHfU;%ex ':f ]fll: rﬁlt kl):vc;g(roug]c)i natural background

979 9 PP at flight level
Seasonal

Co, 3150 370 (and long term)
H,O 1230 20-200 Very high
CO n.a. n.a. Very low
SO, 02-08 10" Very low
NO 12-30 107 Very low
vocC n. a. n.a. Very low

In the table it can be observed that the emission of NOx (NO+
NO,) per kg of fuel consumed by an airplane, is 100 to 200
times lower than CO,’s. As the natural background for this
last one is 10° times higher than the first, the CO, emission
only just influences its surroundings whereas the emissions of
NOx do generate a remarkable contrast on the existing
background. The situation for H,O is similar to the one for
COs.

Consequently, it can be confirmed that the NOx present in
the UT/LS is influenced by air traffic. Due to the global
spatial distribution of the air traffic, the concentration of NOx
in the background for the layer 8-12km displays a clear
latitudinal gradient in the Northern Hemisphere, with
minimum values (20-40 pptv) near the Equator and
maximums (200-300 pptv) in latitudes 50-60° N. Within the
strong general variability, the detected concentrations are
usually higher in the areas of influence of the air traffic
corridors, as demonstrated by the data corresponding to the
vertical profiles obtained in the different experiments made
with  in-situ measurements. These results show a
nonhomogenous distribution of emission tracers within the
layer of 8-12km with a significant increase in the NO,
concentrations in those areas under the influence of air traffic
[13].

As a consequence, it has been decided to consider nitrogen
oxides, and more specifically NO,, as the most suitable tracer,
with which to carry out a viability study. It should be
remembered that NOx transformation in the atmosphere
follows different chemical routes. NO, is not only a primary
pollutant emitted directly, but also one of the most important
secondary compound produced in this NO, evolution, and this
is the reason of its great relevance.

The yield in the formation of NO, coming from the aircraft
emissions is a function of the flight altitude. In the UT/LS the
NO oxidation rate is lower than that which takes place in the
low troposphere. The maximum ratio of NO,/NOx that can be

reached between 8-12 km usually does not surpass 40%,
whereas in the lower layers this ratio can easily reach 75-80%.
The reason for it is that the oxidation mechanisms of NO are
strongly controlled by temperature. The fotoxidation of NO,
also has an influence but to a lesser extent [14]

Experimental results have also shown that the dispersion of
plumes produced by airplanes in cruising altitudes takes place
in two phases. First it is governed by the turbulent movements
generated in the air by the passage of the airplane (dispersion
regime) and second it is controlled by purely atmospheric
processes of diffusion and transport (diffusion regime).
Depending on the atmospheric conditions the resulting plume
will disperse through hundreds of meters or kilometres, taking
up to a day in mixing itself homogenously with the air traffic
corridor’s background. However, speaking in general terms
the dilution of an individual plume can take between 3 and 10
hours before reaching the concentration of the background.

On the other hand and depending on the conditions of
atmospheric stratification and wind shears, the typical
extension of a plume after 10 hrs of dispersion, can be of 200
m along the vertical dimension and 15 km along the horizontal
one [2], [15].

B. Current Remote Sensors

In Table II a summary of the most important remote
sensors dedicated to the atmospheric composition research is
presented.

TABLE 1l
Main Space Remote Sensors devoted to atmospheric composition research
ATMOSPHERIC
SATELLITE ORBIT SENSORS
CONSTITUENTS
O3, BrO, OCIO, CIO, SOz, H.CO,
SCIAMACHY | NG5, €O, COs, CHa, H20, N2O
O3z, CIO, NOz, CO, CHa, H20,
Near  polar  sun MIPAS N2O, NO, HNOs, HNOs, N:Os,
ENVISAT synchronous at 800 km. CIONO;, CFC's, HOCI, H:O,,
CzHa, CoHs, OCS
GOMOS 03, NO,, NO3, H,0, O, aerosols.
MERIS H.0, aerosols
~ Near polar sun
ERS-2 synchronous at 800 km. GOME O3, BrO, OCIO, SOz, H,CO, NO;
H20, Os, N;0O, CO, CHs, NO,
NOz, HNOs, HF, HCI, N2Os,
P FTS CIONO,, CCloF,, CClF, COF,,
o ) 3 ] \
ACE 650 km, 74° inclination CHF.Cl, HDO, SFs, OCS, HCN,
CFa, CH3Cl, C2Hz, C2Hs, N2, CIO
MAESTRO O3, NO2
TES H20, O3, CO, CH4, NO2, HNO3
oM O3, OCIO, SOz NOz Bro,
HCOH, aerosols
Near polar sun MLS O3, CO, H20, N2O, HNO3, HOCI,
AURA synchronous orbit at OH, HCN, HCI, Bro, CIO, SO,
705 km.
O3, H20, N20, HNOs, CIONOg,
HIRDLS CHa, NO2z, N20s, CFC-11, CFC-
12, aerosols
Near polar, sun GOME 2 03, OCIO, NOy, Bro, H;0, O ,
METOP synchronous orbit at aerosols
817 km. IASI O3, Nz0, CO, CHj, aerosols.
Near polar, sun OSIRIS O3, ClO, N2O, HNO3; CO, H20,
ODIN synchronous orbit at NO:
600 km. SMR O3, N20, H.0
Near polar, sun MOPITT CO, CHy
TERRA i
%nsclt\rrn?nous orbit - at MODIS H0, aerosols
P O3, H20, HCI, HF, CHa, NO2, NO,
o
UARS 585 km, 57° inclination HALOE aerosols
Near polar, sun AIRS O3, H20, CO, CO; CHg, SOg,
AQUA synchronous  orbit at aerosols
705 km. MODIS H20, aerosols
Near polar, sun
METEOR-3M | synchronous ~orbit at SAGE Ill Os HzO, OCIO, NOs NO,
aerosols
1000 km.
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These systems have been specifically designed for
obtaining the best yield possible in terms of resolution in
space and time and detection limits, according to the state of
art of technology.

Of the 21 sensors only 13 of them count with the resources
necessary for the detection of NO,. Their characteristics are

presented in Table III.
TABLE 111
Space Remote Sensors producing NO, data

Sensors NO, product Range
Column Tropospheric/Stratospheric
SCIAMACHY

Vertical profile 10-100 km

MIPAS Vertical profile 15-50 km
GOMOS Vertical profile 20-100 km
GOME Column Trop./Strat
FTS Vertical profile 10-100 km
MAESTRO Vertical profile 10-100 km
TES Vertical profile 10-34 km
OMI Column Trop./Strat
HIRLS Vertical profile 20-60 km
GOME 2 Column Trop./Strat
OSIRIS Vertical profile 10-48 km
HALOE Vertical profile 15-130 km
SAGE Il Vertical profile 10-45 km

The products delivered by these sensors in relation to the
presence of NO, in the atmosphere are of two types: column
values or vertical concentration profiles.

The concept behind gaseous column refers to the number of
molecules existing inside an imaginary atmospheric column
with a base area of lcm”. The gaseous columns are calculated
for any position (latitude-longitude) and are of two types:

- Total column, as in considering all the vertical extension
of the atmosphere, and

- Tropospheric column, in which only the gaseous
concentrations present in the vertically integrated troposphere
are computed.

Although theoretically some systems allow obtaining
vertical profiles with a lower limit beginning at 10 km, in
reality the only ones which are considered as reliable belong
to data obtained above 15km. Consequently, the information
on the gases present at altitudes near the Tropopause can only
be found in column data (total and/or Tropospheric).

For this specific situation SCIAMACHY and OMI are the
sensors which offer the best technical performance in NO,
measurement. Below in Table IV their main instrumental
characteristics are presented.

EUROCONTROL Innovative Research Workshop 2007

TABLE IV
SCIAMACY and OMI Instrument specifications
SCIAMACHY oMlI
240-1750 ; 1940-2040 ;
Spectral range (nm) 2265-2380 350-500
Temporal coverage Global / 6 days Global / 1 day
Horizontal resolution (km x kim) 30 (along track) x 60 26 (along track) x 48
(across track) (across track)
Max. swathwidth (km) 960 2600
Viewing geometry Nadir Nadir

NO, product Total Column Total Column

Scientific product Col Trop./Strat Col Trop./Strat

Detection limits col Trop/Strat

14 14
(molecules cm™) 2107/210

210"/210"

The total columns are the only official products of the
European Space Agency (ESA), whereas the Tropospheric
and stratospheric columns are scientific products generated by
other sources (e.g. the Univ. Bremen; KNMI/TASB/ESA;
KNMI/NASA/NIVR; DLR).

The Tropospheric columns of NO, are always obtained
starting off by calculating stratospheric columns from the
measured total columns. The calculation of the stratospheric
component can be made by following different procedures.
The Reference Method Sector (RSM, IUP Bremen) is the
simplest and consists of using the value of the measured total
column on the sector of the Pacific Ocean as a Tropospheric
clean background value and to assume that the stratospheric
NO, is zonally homogeneous. The difference between the
measurement of total column and the value determined in the
same day in the corresponding reference sector (same latitude)
is interpreted as a value of Tropospheric column [16], [17].

Another procedure to obtain the stratospheric component
from the total column of NO, consists of determining its
contribution through the use of models (Chemistry Transport
Model) that include stratospheric chemistry and temperature
and wind fields. In this approach the stratospheric zonal
variability is taken into account by the calculation. The
stratospheric NO, distribution is employed to derive the
Tropospheric column by subtracting the modelled column
from the measured one (KNMI/IASB/ESA;
KNMI/NASA/NIVR; DLR) [18], [19], [20], [21].

As a consequence of these assumed hypotheses, used by the
calculation procedures, the Tropospheric NO, column data
obtained could have associated a considerable level of
uncertainty. As an example, Fig. 1 shows the differences
between the stratospheric vertical NO, column (SVC)
obtained during 2003 and 2004 in two World Meteorological
Organisation’s (WMO) ground based stations: Izafia (Canary
islands) and Mauna Loa (Hawai) with similar latitudes (only
8° of difference) [22].

O
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27 2003-2004 T

15

(10" molec cm™)

1ZARA

NO, SVC

NO, SVC,,naion -

Fig. 1. Differences between NO2 Stratospheric Vertical Column (SVC)
measured during sunrise at Izafia and Mauna Loa stations for 2003 and 2004.

These results clearly show that assuming that stratospheric
NO, is zonally homogeneous and extrapolating stratospheric
column data obtained over Pacific Ocean sectors to other
zones of similar latitude is not realistic. The differences
between the measurements at both stations clearly show that
this NO, stratospheric homogeneity does not exist.

C. Results from the Canary Islands’ Corridor

As part of the viability study the selection of an ideal
scenario with real traffic and real flight operations was
performed. The selection of a corridor with a long on-route
trajectory and high traffic frequency and with accessible data
fell on the Canary Islands Corridor (Fig. 2, Fig. 3).

Fig. 2. The Canary Islands Corridor and its geographical location (Courtesy of
Google Earth™)

The Madrid-Barcelona city link was also taken into account
as candidate but finally put aside: among the drawbacks, the
main being a route in evolution (climb/descent) i.e. the en-
route phase was actually too small (~5 min.) compared with
the Canary Islands’ scenario; and the presence of traffic

crossing in all directions along the route.

1) The Canary Islands’ scenario

The Canary Islands Air Corridor connects the Spanish
Peninsula and Europe to the Canary Islands [23].

It is composed of a system of four parallel routes Fig. 3 in
the upper airspace linking the Iberian Peninsula and the
Canary Islands. These extend through Casablanca FIR, which
being in the AFI region, is included in the area for BRNAV
1mp1ementat10n [24]

Fig. 3. Structure of the RNAV routes composmg the Canary Islands Corridor
[23]

The RNAV routes (UN866, UA/UN873, UNS858 and
UA/UNS8S57) cross over coastal areas, with limited availability
of conventional ground aids (VOR/DME). There is currently
no full radar coverage in a large part of this zone. RVSM [23]
is also applied to the volume of airspace between FL290 and
FL410 inclusive in the Canarias UIR (AFI Region). This
makes sure that the traffic is limited to a certain tunnel or a
number of tunnels for each flight level see Fig. 4.

2000£t/600m

Fig. 4. Detail of the maximum navigational dispersion on one
RVSM/BRNAV flight level along the Canary Islands corridor route.

The routes are not uniformly spaced, having a minimum
separation of 43 nm (UN873-UNS858), 53 nm (UN866-
UNS873) and 52 nm (UN858-UN857). On the other hand the
distance between the routes is very important as it makes the
routes independent of each other in terms of spatial
overlapping of their emissions (atmospheric diffusion).
Operationally Canarias is in charge of handing over the
traffic to Morocco at an established FL (required) and
separated 20Nm for the same FL and the same velocity. All
the traffic is already established apart from the one from
Lanzarote where they climb due to their proximity. Once the
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traffic enters the Moroccan airspace no intervention is made
until the traffic reches Portugal.

Routes such as the one going through VASTO, which are
unidirectional, do not use all the flight levels available.

Air traffic will also be coming and going from the
EUR/SAM corridor; logically they will have a preference on
the FL compared to the departures from the Canary Islands.

2) Modelling with realistic data (demand, type of aircraft,
route)

The route with the average highest annual (2006) traffic on
the Canary Corridor is UN858 through VASTO. This is the
route which presents the highest specific occupation, on the
23rd of December; in fact, it was flown by 225 aircraft (Fig.
5). Taking this date and its traffic as a reference, and taking
into account the specific characteristics of the fleet, the total
NOx emissions generated along the route thorough VASTO
were calculated with the Advanced Emission Model IIT (AEM
1II), supplied by EUROCONTROL [8], [9].
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Fig. 5. Traffic demand along the four routes during the year 2006

3) Calculation of NOx Emissions along the UN-858
Route (with AEM 111 model)
The AEM III model was used to estimate the total amount
of NOx for the chosen scenario.
Technical data:
- Date of traffic sample: 23/12/06
- Route: UN-858 Route through VASTO
- On route distance: 743,48 Km
- N°flight: 225
Data required by the model:
- Air traffic data sample
- Flight data sample
The model gave us a value for the total NOx emissions of
5718,83 kg / day

D. Simulation of the Canary corridor (with a situation of
maximum accumulation).

The emission data obtained from the AEM 111, was used for
estimating the maximum values of NO, columns that could be
generated in an ideal atmospheric scenario. Several
assumptions have been considered: constant velocity of each

EUROCONTROL Innovative Research Workshop 2007

aircraft along the corridor; emissions coming from all the
aircraft have been added up; absence of advection i.c.
optimum dispersion conditions for its accumulation, and a
maximum yield (40%) in the oxidisation of NO to NO, at
these altitudes.

The column values have been calculated taking into account
the area observed by each sensor. For this ideal case, the NO,
column values obtained for the OMI and SCIAMACHY
pixels were respectively the following:

- NO, column (SCIAMACHY): 0,67 10" molec cm™
- NO, column (OMI): 0,83 10" molec cm™

These results establish upper limits because they
correspond to unreal conditions of atmospheric dispersion of
the emissions since only the diffusion processes have been
considered. On the other hand, the emissions from all the
aircraft have been supposed to contribute to the values of the
calculated column.

The values obtained for the NO, column in this exercise are
far from the detection limits for both sensors (Table IV), i.e. it
may be concluded that, even under those unrealistic
conditions, the detection of the NO, columns due to air traffic
emissions on the VASTO in the Canary Corridor could not
theoretically be possible.

That conclusion can be extrapolated, in general terms, to
other regions as in the case of the North Atlantic Tracks
Region. As can be observed in figure 6 the fuel burn for both
corridors are very similar. [10].

48024007 I 1 705008 - 2 234008
007 I 22464008 - 23664005
007 I 2674008 - 40204008

-2 7 o +007 I 4 0354008 - 59504008

20884007 - 2425+007 I 7.89+007 -9 48e-+007 [N 5.956+008 - 1.09e+009

Fig. 6 Gridded Plot of Global Fuel Burn for 2000 with all altitudes
Aggregated [40]

E. SCIAMACHY and OMI data.

Independently from these results a parallel and systematic
research was carried out on the Tropospheric NO, columns
supplied by SCIAMACHY and OMI [25], [26]. The analysis
was carried out on a global scale and specifically for the areas
of the Canary Islands corridor and the North Atlantic. In every
case the results have been negative, with no correlation found
between the recorded data and the emissions produced in the
corridors. A few results from SCIAMACHY and OMI,

S5t 45t 1
4562006 - 5.802+006.
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presented hereafter, illustrate these conclusions.
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Fig. 7 Three examples of SCIAMACHY mean monthly values of total NO2
column (left) and Tropospheric NO, column (right) obtained by
KNMI/IASB/ESA and Univ. of Bremen respectively.

In Fig. 7 two types of results obtained from the
SCIAMACHY data are presented: three examples of monthly
average NO, total columns (figures on the left) and the
correspondent values of NO, Tropospheric column (on the
right hand side) obtained by the Bremen University. These
results highlight the influence that the total column values
obtained with this sensor have on the results of the calculated
Tropospheric column.

During the summer season (Northern Hemisphere) the
maximum values of total columns are detected above 60N, as
the June 2004 example, while during the winter season
(Northern Hemisphere) the maximum are recorded below the
50S, as is the case for December 2006. This seasonal
evolution corresponds to the changes in stratospheric NO,
columns

Nevertheless, if the obtained Tropospheric columns for
those situations are analyzed it can be observed the frequent
existence of abnormally high values in the areas with
maximum values of total column, that is to say, in regions far
away from the possible source areas. These anomalous
Tropospheric values occur as a result of the problems derived
from the calculation of those columns and they do not respond
to any real emission process or atmospheric physical-chemical
dynamics. The difficulties arise when extracting the
stratospheric and Tropospheric contributions from the total
column in such a way that certain residual amounts of
stratospheric NO, are finally computed like part of the
Tropospheric columns.

At other times of the year the maximums of the total
column are found at intermediate latitudes. In those conditions
it is common to also find relatively high values of

Tropospheric columns of NO, over the oceanic areas of those
regions, as can be observed in the example corresponding to
March 2006. The main cause is the calculation problem
already mentioned, although in some cases the influence of
processes as local emissions or long distance transport of
pollutants could also play some role.

Tropospheric columns obtained by SCTAMACHY over the
oceans, rarely surpass the level of 2:10"° molec-cm™ and this
value could be considered either as a habitual uncertainty for
these results or as a kind of effective detection limit. This
means that the values of Tropospheric column that are
superior to this level will be only slightly influenced by the
calculation methodology.

The OMI sensor of the AURA satellite poses a different
problem to the SCIAMACHY. Although the Tropospheric
column results for NO,, obtained with both sensors over the
continental areas, usually tend to agree acceptably,
discrepancies are frequent over the oceans. This is due to two
fundamental reasons: the different spatial and temporal
coverage of both instruments and the different methodologies
used to obtain the Tropospheric data.

In Fig. 8 the average NO, Tropospheric columns determined
from the OMI measurements for December 2006 and
February 2007 are shown [26]. The results from December
notably differ for certain zones from the ones obtained by
SCIAMACHY (please refer to Fig 7above), which shows the
complications and uncertainties associated with the generation
of this product. In any case, the discrepant values are again
around the order of 2 -10"* molec-cm™.

' 3 2 3 S B T T~ o 1 T s 8 oS

Fig. 8 Two examples of OMI mean monthly values of Tropospheric NO2
columns obtained by KNMI/NASA/NIVR.

In addition, OMI displays certain easily observable
instrumental problems in the daily data, less visible in the
monthly averages. For example, in the December data of Fig.
9 the appearance of "stripes" parallel to the trajectory of the
orbits is perceived with certain clarity, this was due to an
unexpected malfunction of its CCD detector [27]. As a result
of this when generating the maps of column values anomalous
levels can appear in different zones of the globe that are
almost always shown in the form of stripes.

On the other hand, the nominal technical characteristics of
OMI allow collecting with more frequency data on each zone,
in addition to a better spacial resolution, for this reason OMI
can detect certain processes with fewer difficulties than
SCIAMACHY, such as for example, the emissions coming
from maritime traffic.
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In global terms, the emission of NOx due to this activity is
considered to be in the order of 3 Tg:N-yr”, i.e. an amount 6-7
times higher than that produced by air traffic [28], [29], [30],
[31]. Analyzing the NO, Tropospheric column data generated
by OMI from June 2004 to the present, we can observe with
certain regularity some systematic anomalies on some zones
with intense maritime traffic (refer to February data in Fig. 8).
For example, in this figure several commercial maritime
routes could be partially guessed: between North America and
Europe, the Red Sea, between the South from India to
Indonesia, some to the east of Indonesia, etc. Nevertheless,
next to these values of Tropospheric column attributable
potentially to the maritime traffic, others of the same
magnitude can also be observed appearing in areas away from
these routes and unfortunately non attributable to any source
or process, this fact actually disables a trustworthy allocation
of the source of these values.

Independently of this evidence, we have proceeded to make
a meticulous control of the data delivered by the satellites
corresponding to the Canary Islands Corridor on the days in
which the air traffic was especially high. In figure 9 the results
obtained by OMI and SCIAMACHY for the 23 of December
of 2006, the day used for the simulation of the emissions’
scenario are shown as an example [26].

As can be observed, the daily average values of total
column of NO,obtained by OMI over the zone of the Corridor
are similar to the registered ones over greater part of the
northern half of Africa and oscillate between 2-3-10"
molec-cm™. However, the information corresponding to the
Tropospheric column offered by OMI on the zone of interest
displays lack of data (see Fig. 9). In the case of the
SCIAMACHY data, the situation is even worse because the
smaller daily spacial coverage of this sensor prevents it from
having this information on the Canary Islands Corridor
because Envisat is not passing through the vertical of the
corridor.

O mesn tatsl MO, 33 De: 2008
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Fig. 9. Total and Tropospheric NO, columns: 23" December 2006, from
SCTAMACHY and OMI.
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In any case, all the problems observed in the data from
SCIAMACHY and OMI bring us to the conclusion that the
uncertainty of the obtained values for Tropospheric column
over the areas of the air traffic corridors of the Canary Islands
and the North Atlantic is in the order of 2-10"° molec-cm™.
This supposes a new argument that goes in the same direction
as the results obtained from the simulation made with the
emissions of the Canary Islands corridor.

Through this data, we can confirm that, considering the
detection limits (nominal and effective) of the remote sensors
currently in operation, the reliable detection of NO, due to the
air traffic is not possible because those limits are undoubtedly
higher than the necessary ones with which we would be able
to distinguish, on the value of existing background NO,, the
value generated by the airplanes.

F. MIPAS.

Although Table III indicates that MIPAS only allows the
detection of vertical profiles, these can be obtained by
different measuring configurations modes. In fact this sensor
includes a special measuring mode called “Aircraft Emission
mode” (AE) specially designed for the exploration of the area
covered by the North Atlantic Tracks, with the purpose of
seeking to detect the contribution of the air traffic emissions to
the existing concentrations of NO; in that atmospheric region
[32].

The procedure is the following: when Envisat, the satellite
carrier, crosses the NAFC the measuring unit is activated and
the system, as well as its regular measurements along its orbit,
carries out measurements on a lateral line of sight in which the
North Atlantic corridor is seen along its axis, thus augmenting
considerably its detection possibilities, since the explored
optical path in this configuration is nearly tangent and
overlaps the corridor along 500km, thus lowering the
detection limit. Nevertheless, still no positive results have
been obtained.

However, although with this way of measurement, the
recovery of positive results in this corridor would be
theoretically possible, the analyses made until now of the
available data has not been satisfactory. The main reason
being: the existing adverse atmospheric conditions in the
NAFC during the accomplishment of the measurements.

The influence, by adverse atmosphere, on the results has
been doubly negative: on the one hand, the massive cloud
presence in that area strongly hindered the recovery of data
from the radiative background and, on the other hand, the
existing winds facilitated the atmospheric scattering of the
emissions, which reduced the final concentrations reached
[33].

V. CONCLUSIONS

From the emission factors associated to air traffic for the
different gases and their background concentrations in the
upper troposphere/lower stratosphere, the NO, has been
considered as the suitable tracer for the accomplishment of
this viability study. Aircraft emissions’ produce very
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significant increases in the concentration of this gas in the
corridors, thus opening the possibility for it to be
distinguished from the background levels.

The simulation made with the Canary Islands corridor from
real traffic data and the computed emissions with AEM III,
has allowed the estimation of the attainable NO, columns’
superior limits, attributable to the emissions produced in that
corridor. The values obtained in this exercise are obviously
greater than those that really take place since in these
calculations only the processes of atmospheric diffusion have
been considered. That is to say, that the dispersive effects due
to the real movement of the air masses have not been
considered.

However, the results of these theoretically maximum NO,
columns can be extrapolated to other corridors whose traffic
(fuel consumption) is of the same order of magnitude as that
of the VASTO route of the Canary Islands corridor. For
example, any one of the routes contained in the NAFC would
enter this category. However, as the accumulation of the
considered pollutants in this simulation is hardly ever
produced in real dispersive conditions, the columns of NO,
generated in any corridor will clearly be smaller than those
calculated. Definitely, atmospheric dynamics will always play
a determining role in the possible detection of these emissions.

From the simulation results we may conclude that with the
space remote sensing technologies available at this time it is
not possible to obtain data on emissions produced by air
traffic. The main reason is that the NO, detection limits of the
sensors in operation are too high for the concentrations
generated by the air traffic emissions. In addition, the
calculation procedures that are used in obtaining both the NO,
stratospheric and Tropospheric columns, introduce elevated
levels of error for these products. This actually prevents the
reliable identification of Tropospheric vertical columns with
values inferior to 2-3-10"° molec-cm™, that is to say, again
values very superior to the theoretically attributable ones for
air traffic emissions.

VI. FUTURE PROSPECTS

Next a small analysis is presented on the possibilities
considered viable for remote sensing from space to be used in
the future for the measurement of air traffic emissions.

A. Passive Remote Sensing in use:

Theoretically the function implemented in the MIPAS
instrument of Envisat for the measurement of NO, throughout
the NAFC, could give some positive results in cases of
sufficient accumulation of polluting agents.

Its mode of sideway measurement is currently the only
attempt at the moment implemented and with certain options
to be able to detect gases related to air traffic emissions.
However, this concrete system could only be operative in
corridors whose direction was almost perpendicular to the
orbit, as in the case of the NAFC, and whose level of
emissions was similar. In other conditions the system, neither
would it have the theoretical possibility of success.

B. Future Passive Remote Sensing

In order for the passive systems to be used for this purpose
certain objectives need to be achieved:

- Reduction in the detection limits (e.g. NO,);

- Improvement of the space and time resolution, starting,
for example, by the employment of geostationary satellite
systems (GEO) instead of low orbiting ones (LEO). The
strategic change is already taking place in the near future
aerospace programs, which foresee the inclusion of GEO
systems. The European initiative GMES (Global Monitoring
for Environment and Security), for example, foresees the
development of five satellites (Sentinell-5), in particular
Sentinel-4, is a geostationary observation system aimed at the
chemical characterisation of the atmosphere. At the same time,
EUMETSAT and ESA are currently defining the requirements
for future missions (Meteosat Third Generation), also
geostationary, with applications ranging from meteorological
to atmospheric chemistry applications [34][35][36][37]. These
systems are foreseen to deliver total column data for NO, with
time/space resolutions of one hour and 10 km respectively.
These improvements compared to LEOs, will help the
detection possibilities’ of emissions due to air traffic, always
the detection limits for NO, and the necessary algorithms for
the extraction of Tropospheric columns are improved as well.

NOAA and NASA on their side are working on the
prescriptions of the GOES-R (Geostationary Operational
Environmental Satellites) series, with the aim at obtaining
products related to air quality. To achieve this objective it
follows that the time/space resolution of the current systems
must be improved [38].

- Possible implementation of functions/capabilities focused
specifically on the measurement of aircraft emissions. Systems
could be built with the intention to explore specific corridors,
or procedures could be designed specifically for the
exploration of special events, when detected, such as during
contrail formation. In these cases, the dispersion is minimum
and contrails allow determining with great exactitude the
coordinates of the trajectories. For example, with
geostationary systems an automatic detection of these events
could serve to focus all the detection capacity of the sensors
on those zones of interest during the time needed: until the
adequate signal to noise ratio was reached for the NO,
measurements.

C. Future Active Remote Sensing

The potential for active remote sensing for the
determination of gaseous compounds is superior to the ones
encountered by the passive systems; nevertheless, the
technical difficulties are even greater. The ideal situation
would be a DIAL (Differential Absorption LIDAR) system
able to detect specific compounds in the atmosphere by means
of using laser technology. At present this system is widely
used by ground based observations, nevertheless there is no
experience on the implementation of this in space.

In May 2006 ESA selected 6 missions as new candidates to
be part of the family of Earth Explorers for to the Living
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Planet program [39]. One of those 6 possible missions is
called A-Scope and is designed for the measurement of CO2
from the use of a DIAL system whose design is in exploratory
phase. If this mission is finally sent and successful, surely it
will open the way to future active systems for the
measurement from space of atmospheric components, and
with it the opportunity to detect air traffic emissions.
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ABCD: Aircraft Based Concept Developments
(November 2007)

Roger Argilés Solsona, Stephanie Stoltz, Marc Houalla, Diana-Luz Laborde

Abstract —Air transport punctuality is the “end product” of a
complex interrelated chain of operational and strategic processes
carried out by different stakeholders (aircraft operators,
airports, air navigation providers, etc.) during different time
phases and at different levels up to the day of operations.
Punctuality is affected by the lack of predictability of operations
in the scheduling phases and by the variability of operational
performance on the day of operations. Furthermore, part of the
unpredictability of a given flight derives from the lack of
information about the status of the previous flights using the
same aircraft.

Aircraft-Based Concept Developments (ABCD) proposes to
improve flight predictability by linking flight plans using the
same aircraft through the aircraft registration information.

The present document presents ABCD concept definition and
potential implementation. It shows how, thanks to this aircraft
registration linkage, ABCD would allow a better anticipation of
flight delays resulting in a decrease of global ATFM delays and
thus, in a better use of the ATM available capacity. In this way,
ABCD intends to constitute a true evolutionary step forward in
the improvement of predictability and efficiency of the ATM
operations.

The paper also presents airlines’ positive feedback on ABCD
concept and introduces next steps to prove the cost effectiveness
and the feasibility of its implementation.

Index Terms — Airlines, ATFM, CFMU, CTOT, Delay,
EOBT, FPL, Slot Assignment.

[. INTRODUCTION

OWADAYS, air transport stakeholders (airlines, ANSPs,
CFMU, airports) have established several processes,
which aim at maximizing the use of available capacity while
ensuring safety and a fair, transparent and non-discriminatory
use of existing facilities. The two main processes are airport
and ATFM slots allocations, since they deal with the main
bottlenecks of the system: airports and airspace.
Each of these two processes has its own logic [1]: airport
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slot allocation process ensures the balancing between airlines’
strategic demand and airports’ capacity, while the ATFM slot
allocation process introduces the operational flexibility
required in order to react to more tactical perturbations. These
processes are complementary and take place at different
chronological phases: the airport slot allocation process is
ensured during the strategic phase, several months before the
day of operations; while the ATFM slot allocation process is
performed during the day of operations, a few hours before
real execution of flights.

The FPL (Flight Plan) management links both processes;
through FPL aircraft operators transform allocated airport
slots into EOBT (Estimated Off-Block Times) and collect all
the relevant information about planned and actual flights. For
flights within the European airspace, aircraft operators send to
the CFMU a FPL message containing basic information about
the flight in order to obtain clearance to over-flight, take off
and/or landing at European airports. The aggregation of all
FPLs, sent by airlines and handled by the CFMU, constitutes
the “FPL database”.

With this definition, the FPL database provides a picture of
the overall aircraft traffic, which is flying and going to fly
over Europe in the future. This database is regularly updated
upon the reception of messages, sent essentially by airlines to
the CFMU through IFPS, through CDM (Collaborative
Decision Making) at some major European airports and
through the real aircraft position provided by radars. The FPL
database is composed of individual flight plans, which are not
linked to each other.

In the same time, it has been determined that when a delay
appears on a given flight, part of this delay propagates for the
next flights using the same aircraft. In one of its previous
studies [2], ADV systems has evaluated the impact of an
ATFM delay on a daily itinerary on the Air France fleet by
measuring its knock-on effect, which could be defined as the
cumulative delay due to the propagation of the ATFM delay
throughout the itinerary.
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Fig. 1. Cumulated knock-on effects due to a single slot.

In the figure, the knock-on effects are shown for different
legs of an aircraft’s itinerary: station O corresponds to the first
leg of the itinerary (i.e. first airport of departure), station |
corresponds to the second airport of departure (first airport of
arrival) and so on.

The overall result shows that knock-on effects are not a
constant proportion of the initial ATFM delay. For instance, a
20-minute ATFM delay allocated at station 0 generates
approximately 15 minutes in knock-on effects whereas a 50-
minute ATFM delay at the same station produces nearly 60
minutes in knock-on effects. In the same way, a 50-minute
ATFM delay occurrence at station 2 will generate less than 20
minutes in knock-on effects.

Thanks to the linkage of individual flight plans, it would be
possible to provide more accurate predictions of the
downstream legs of an aircraft itinerary, in particular when a
flight suffers from perturbations (e.g. delays). Such accurate
predictions are expected to lead to an optimized ATFM slot
allocation process by allocating more efficiently the ATFM
slots on an early up-to-date knowledge of the flight progress.

II. METHODOLOGY

Aircraft-Based Concept Developments (ABCD) explores
the reorganisation of the flight plan management into a re-
named “aircraft-based” management. ABCD is primarily
based on the use of aircraft registration in order to establish a
link between the individual flight plans.

The main objective of this paper is to show that this linkage
constitutes an evolutionary step forward in the improvement
of predictability and efficiency of the ATM operations. This
demonstration has been broken down into three steps:

1) ABCD Concept description,
2) ABCD Airlines’ feedback,
3) ABCD Quantitative benefits assessment.

A. ABCD Concept description

As an introduction to the future work, this chapter
introduces the main assumptions and principles underlying the
ABCD mode of operations, the description of the expected
environment for its deployment, the overall view of the
ABCD services and the description of some of the key
information required by the ABCD concept.

EUROCONTROL Innovative Research Workshop 2007

ABCD concept could be implemented through several
different strategies. This paper will introduce the two main
implementation alternatives retained during the study:

-- Centralised Implementation by CFMU: the different FPLs
belonging to several itinerary legs of the same aircraft are
linked by the CFMU through the aircraft registration.

-- Local Implementation by airlines: the different FPLs
belonging to several itinerary legs of the same aircraft are
linked by each airline through the aircraft registration.

The operating principles of ABCD concept for each
strategy will be illustrated through a real case of aircraft
operations. This case was selected according to interviews
held with airlines, which showed that airlines operations are
frequently impacted by the knock-on effects of delays due to a
single perturbation occurring at a given station of the aircraft’s
itinerary.

B. ABCD Airlines’ feedback

ABCD implementation would require minor adjustments on
current ATFM processes and airlines would need to process
extra information (allocate aircrafts to flights, information
about turn around times). It is therefore necessary to make
sure that airlines would be interested in the implementation of
ABCD concept and that the required information is available.

Thus, a number of interviews with airlines have been
conducted during this study. The interviews were aimed at
knowing airline’s current delay management policies and
procedures, assessing the availability of information required
by ABCD and getting their feedback on ABCD concept.

C. ABCD Quantitative benefits assessment

Once it has been demonstrated through a real case study
that thanks to ABCD implementation it would be possible to
better anticipate delays, this chapter aims at showing that
some benefits previously demonstrated through the real case
can be validated through statistical analysis using data
extracted from operational databases. In order to assess the
benefits brought by an earlier delay anticipation, the relation
between delay anticipation and ground slot allocation has been
studied.

The analysis presented in the chapter demonstrates in two
steps that the implementation of ABCD concept would
decrease ATFM delay:

-- firstly, showing that the anticipation of delay
communication (DLA message) to the CFMU reduces
ATFM delay and,

-- secondly, showing that ABCD implementation would
improve current delay anticipation communication (DLA
messages).
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III. ABCD CONCEPT DESCRIPTION

Several ABCD implementation strategies have been
studied. Each ABCD implementation would entail some
adjustments on the current ATM processes. This chapter
summarises two  possible implementation strategies
highlighting the different implications for the stakeholders and
in terms of operating principles.

A. Roles and Responsibilities

Any ABCD implementation needs the participation of the
two major stakeholders: CFMU and airlines. This chapter
describes the different roles that could be assigned to CFMU
and airlines depending on the implementation strategy.

Scenario I: Centralised Implementation by CFMU

In the first scenario, FPL linkage would be centralised
within CFMU database, since the CFMU, in its role of central
processor of the information, is well positioned to make the
linkage between the various elements following the evolution
of an aircraft’s itinerary.

In this case, airlines would have to provide the CFMU with
an “aircraft allocation schedule” containing aircraft
registration number allocated to each flight, during the pre-
tactical phase of slot allocation process (the day before the day
of operations). Aircraft allocation notification should be
flexible enough to allow modifications when an airline
decides to modify the aircraft allocated to a given flight (e.g.
aircraft swapping) at the last minute. In addition, airlines
would also need to provide minimum turn around times and
stop times at each airport of the aircraft itinerary.

By processing this information, the CFMU would be able to
update the downstream flight plans and to propose new
EOBTS to airlines whenever it would be necessary, i.e. when a
delay occurring during one of the aircraft’s itinerary legs can
not be absorbed during the following ground stops.

The use of ABCD concept and functions would be optional
for airlines.

The main advantage of this scenario lies in the fact that the
information is gathered in an unique central point. However,
this solution would need technical and juridical adjustments
from the CFMU in order to process new information (aircraft
allocation and turn around times) and to propose new EOBTs
to airlines automatically.

Scenario 1I: Local Implementation by airlines

In this scenario, the linkage of flight plans would be
processed in airlines’ operations centres. Each airline would
be proposed an “ABCD implementation toolkit” that would
recalculate the EOBT request for downstream flights of an
aircraft’s itinerary when the flight experienced a delay
significant enough to provoke reactionary delays. Airlines
would then be alerted by the tool and would communicate to
the CFMU the new requested EOBTs taking into account

reactionary delays.

The tool would need the same additional information
described in first scenario and, again, it would be proposed as
an optional tool to airlines.

By choosing this implementation strategy, the CFMU
would not be impacted. Therefore, the main advantage of this
scenario is that CFMU would not need to modify its database
management and processes.

B. ABCD operating principles

The principles and the usefulness of ABCD concept are
described through a real aircraft operations case, which was
selected according to interviews held with airlines and
extracted from the flight plan repository database (ARCH) of
the CFMU. This section presents the propagation of a flight
delay and describes how the situation would have been
handled differently with ABCD implementation. It illustrates
the benefits provided by ABCD concept.

The example considered is an aircraft operating routes
between Lyon and Zurich airports, eight times per day. An
aircraft is allocated to four flights from Lyon to Zurich and to
four flights from Zurich to Lyon. An ATFM regulation was
implemented during the afternoon to protect an en-route
sector.

LSAGSE2

2w

Fig. 2 Regulation LSAGSE?2 situation.

The aircraft type is an ATR 42 identified by its registration.
The example focuses on two successive flights, Zurich — Lyon
and Lyon — Zurich, operated by this aircraft.

Both flights are subject to the same ATFM regulation
issued to protect an en route sector LSAGSE2 (Switzerland)
from over-delivery.

The Zurich — Lyon flight is identified by its airline call sign
XX347. The flight departure (off-block) was initially
scheduled at 16:05 but, due to the ATFM regulation, the
departure was delayed to 17:01. Finally, the aircraft left the
stand at 17:00.

Because of such allocated delay, the next flight of the
aircraft’s itinerary, the XX3478, was unable to meet its
schedule. In addition, the same regulation applies on this
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second flight, so the initial scheduled off-block time at 17:45
was delayed to 18:16. However, such an allocation had been
based on individual flight plans not linked together, thus
generating an inconsistency: the XX3478 could not comply
with a departure slot at 18:16 due to the initial delay allocated
to XX3477 flight.

Indeed, in the present example, the scheduled stop time was
very short (only 30°). This time is the minimum time
necessary for the activities of handling, refuelling, boarding
and deplaning of passenger for an ATR 42 aircraft. Therefore,
a delay occurring during the XX3477 flight will be propagated
to the next XX3478 flight.

Recorded data show that the XX3478 flight was effectively
unable to respect the slot allocated on the basis of the initial
flight plan at 18:16 and the time of departure was 18:44.
Airport operations were impacted as the aircraft stayed at the
airport during 44 minutes, instead of the 30 minutes scheduled
turn around time.

Om-Block InBlock  OMm-Block In-Block

Zurich Lyen Lyen Zurich

Trm
Argund

Off-Block In-Blogk Off-Block InBlock
"~ Zurich Lyon S kyen Zurich

Flight
Schedule

XX 3477 XX 3478 |J

Actual

[ XX 3477
Flight . *

Turm Around I XX 3478

Delay (primary) Delay (reactionary)

1600 16:30 1 1730 1900 1930 20000
Regulated
Flight

1800
arBlock Off-Block
Zurich Lyon
(ATFM reg. en route sector)

Fig. 3 Flights XX3477 and XX3488.

Moreover, ATFM slot allocation process was impacted by
the fact that the two flights XX3477 and XX3478 were not
linked together. Thus, the slot allocated to the XX3478 flight
corresponding to a regulated calculated time over (CTO) at
20:01, could not be met because of the regulation applied on
the previous XX3477 flight.

CFMU SLOT ALLOCATION LIST

—7
Flight Initial time Regulated time /\/
over reference point over reference point Actual <

XX3478
20:32 T

/\\

Time Over
XX3478 19:30 20:01

YY910 19:30 2003 |

771230 19:30 20:05

Fig. 4 Regulation slot allocation list.

The following section presents how slot allocation
mechanism could have been improved applying ABCD
principles and describes what would have happened in both
implementation scenarios presented.

Scenario |: Centralised Implementation by CFMU
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If ABCD concept had been implemented, slot allocation
processes would have been different. First of all, the airline
would have sent the required information to CFMU: an
aircraft allocation schedule the day before the day of
operations allowing the linkage of flights plans and
information on turn around times.

Thus, the CFMU system would have known that the aircraft
needed to stop at least 30 minutes at Lyon airport and would
have linked the FPLs corresponding to the XX3477 and
XX3478 flights, by using the aircraft registration number.
Therefore, the CFMU could have evaluated the delay
propagation effects for the next legs of the delay occurring at
Zurich airport.

Within the CFMU FPL database, XX3478 flight profile
would have been updated according to the up-to-date
information concerning the previous XX3477 flight, which
would have optimised the overall slot allocation process.

Because of the linkage of the FPLs, the system would have
known that XX3478 was unable to comply with a slot
allocated on the basis of an individual flight plan at 20:01.
This would have been detected in advance contributing to the
optimisation of the process. In the example, the 20:01 slot
could have been allocated to another flight, the YY910, which
hence would have benefited from an improved slot. In turns,
this would have freed a slot for the next ZZ1230 flight. Then,
the overall delay generated by this very regulation would have
been reduced. Without ABCD, the analysis performed for this
real-case study shows that the 20:01 slot was lost.

Apart from the mentioned improvement in slot allocation
process, ABCD implementation would also provide a more
consistent on-line information about aircraft status. The
CFMU constantly processes up-to-date information messages
issued by ANSPs that provide real-time position reports. As
soon as the aircraft takes off, the system has the confirmation
of the real delay of the aircraft. The actual departure time of
XX3477 flight was 17:00.

The system would re-calculate the times at Lyon airport
according to the latest information about XX3477 flight. So, it
would provide more accurate estimates of the in-block
XX3477 time and of the EOBT corresponding to the next
XX3478 flight.

Then, it would be possible to transmit the updates to all
interested actors at Lyon airport which would benefit from
more accurate and consistent information. Besides, the
updates would also be transmitted more than one leg ahead of
the aircraft itinerary if the following legs were also impacted.

In the presented example, accurate information could have
been provided as soon as the aircraft had taken off from
Zurich, i.e. about 70 minutes in advance for the turn around
operations at Lyon. Thus updated information on the schedule
at the following stage would be available 100 minutes
(70°+30) before the next stage, and so on.

Scenario I1: Local Implementation by airlines
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This scenario presents very similar characteristics to the
centralised one. The main difference lies in the fact that the
detection of delay propagation is made by airlines’ operation
centres instead of by CFMU.

More precisely, in this scenario, contrary to what happens
in the centralised scenario, flight plans’ information remains
the same as nowadays.

Furthermore, instead of sending an aircraft allocation
schedule to CFMU, the necessary ABCD information is an
input to “ABCD implementation tool” deployed at each
airline’s operation centre.

Therefore, it is not the slot allocation system that detects the
delay propagation effect but the ABCD implementation tool
that consequently calculates new EOBT to request. Then
airlines would have sent a DLA message to CFMU with the
new EOBT requested for each of the downstream flights and
the system would have proposed a new slot to XX3478 and
the slot 20:01 would have been also saved.

It is considered that the new EOBT request is sent to
CFMU when ABCD implementation tool detects a delay
propagation effect. Hence, the system knows that one slot will
not be used approximately at the same time as in the
centralised implementation scenario.

IV. ABCD AIRLINES’ FEEDBACK

Interviews with airlines were performed during this study in
order to obtain information on the operational framework of
each airline and to get their feedback on ABCD concept.

Recognising that different airlines have different
requirements and expectations, three different categories of
airlines were considered. The first one corresponded to “flag-
carriers” or “major airlines”, whereas the second and third
groups were respectively composed of “low-cost” airlines and
regional airlines.

A. Availability of required extra information

In order to provide required input data to ABCD concept,
all interviewed airlines stated that they would be able to send
information about the assignation of individual aircrafts to
flights, flight schedules and turn around times at airports, at
least one day before the day of operations.

B. Delay management strategies

Major airlines have their own tools (ABCD-concept tools &
decision-making tools) and policies helping them to decide the
optimum moment to communicate a delay to the CFMU.
Moreover, the use of hubs allows these airlines to swap
aircrafts during the day of operations in order to recover from
major delays and their management tools allow them to handle
such complex operations.

Low cost and regional airlines have different strategies for
delay management: some of them communicate delays at the
very last moment (EOBT-10), trying to recover the delay

until the last minute in order to avoid passing at the queue of
slot allocation list; while others communicate delays at the
moment they appear. Low-cost and regional airlines state that
ABCD implementation would be very useful for them in order
to facilitate their delay management policies and optimize
their slot allocation process.

C. Interest on ABCD concept

As a conclusion, low-cost and regional airlines would be
interested by ABCD concept implementation as it allows a
better anticipation of delay communication to CFMU
(minimizing ATFM delay) and simplify the delay and the
flight plan management.

Major airlines would not be directly interested by the
implementation of this concept since they already have similar
tools. However, these airlines would benefit from ABCD
concept implementation as a result of the improvement in the
use of the available ATFM capacity.

V. ABCD QUANTITATIVE BENEFITS ASSESSMENT

The analysis presented in this chapter focuses on ABCD
impact on the most penalizing regulations: “Smoothing
disruptions through ABCD concept”. Therefore, the ground
regulations provoking the highest ATFM delays were selected
amongst the regulations issued in September 2006 in the
ECAC area. Focusing on regulations imposing heavy ATFM
delays seems a sensible approach as the corresponding
delayed flights may have an impact on airlines operations as
well as on CFMU since the higher the rate of unused slots, the
higher the waste of capacity.

A. ABCD impact on ATFM delay

The shorter the anticipation in sending a DLA message, the
higher the risk of being constrained with a high ATFM delay.
This assumption relies on the fact that the earlier the CASA
algorithm [3] is aware of the need to find a new slot for a
given flight, the more chances it has to find a slot that fits
airline’s request.

A DLA message with information about the time of the new
EOBT (Estimate Off Block Time) is sent to CFMU by airlines
whenever a delay greater than 15 minutes is detected.

DLA messages containing EOBT are registered in CFMU
system, which also records the exact time the delay message
has been sent. The difference between the time the DLA
message has been sent and the new EOBT is called “the delay
anticipation”. The delay anticipation concept illustrates how
much in advance an airline communicated a delay to the
CFMU. For this analysis, flights were grouped in delay
anticipation windows of 20 minutes.
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Fig. 5. Delay Anticipation Concept.

ATFM delay assigned to each flight is known from
regulation reports. All the figures presented in this chapter
only take into account delayed flights, meaning flights that
have sent a DLA message, since the objective is to know the
additional ATFM delay assigned to flights depending on the
anticipation sending these DLA messages by airlines.

Delay anticipation analysis has been limited to 160 minutes
before EOBT because CASA algorithm starts giving priorities
to flights based on FIFO policy at EOBT-180 [4]. Hence, a
DLA message sent before EOBT-160" is considered almost
like a non delayed flight.

In order to be as comprehensive as possible and avoid
biases in studying the relation between the delay anticipation
and its associated ATFM delays, the analysis was segmented
as follows:

-- Regulation’s typology (weather related regulations vs

non-weather related regulations)

-- Airline’s typology (major airlines vs low cost and

regional airlines)

-- Regulation’s geographical zone (by country)

-- FPL messages (analyse foreseen impact of sending FPL

message instead of DLA message)

This chapter presents the results concerning the most
relevant segmentations.

Correlation between ATFM delay and DLA Anticipation for
non-weather regulations.

The following figure shows the correlation between ATFM
delay and DLA anticipation (split in 20 minutes time
windows) for non-weather regulations.
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Fig. 6 ATFM delay vs DLA anticipation Non-Weather regulations
ATFM delay significantly decreases when

anticipation increases:

-- For small delay anticipations comprised between 0 and 40
minutes, ATFM delay decreases from 22 minutes to 16
minutes, meaning a 30% ATFM delay decrease.

-- The trend is globally negative until the window [140; 160[
and the curve seems to stabilize at an ATFM value around
14 minutes.

-- The average ATFM delay imposed to flights that sent a
DLA message (delayed flights) was 18 minutes.

-- It is interesting to compare the average ATFM delay for
flights that have sent a DLA message (delayed flights) with
the average ATFM delay for flights that did not send any
(flights on-time within the same regulations). The delay
values for flights that did not send any DLA message was
14,1 minutes. The curve, shown in the figure 6, lies for high
anticipation ranges around 14 minutes, which implies that
the higher the delay anticipation, the closer their ATFM
delay will be to the ATFM delay for flights that did not
have any previous’ delays. This figure would indicate that if
an airline is capable to anticipate a delay more than 120
minutes before EOBT, the flight will not be imposed any
supplementary ATFM delay. The underlying idea is that
communicating a delay long time in advance is like not
having any delay in terms of imposing supplementary
ATFM delay.

delay

It should be noted that the number of flights available to
compute the average ATFM delays decreases when the
anticipation increases. Figure 7 shows the sample size and its
distribution split in 20 minutes time windows for non-weather
regulations.
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Fig. 7. Number of flights in each anticipation range

-- 40% of the flights have sent their DLA message less than
20 minutes before EOBT.
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-- More than half of the analysed sample (53%) is
concentrated in anticipation between 0 and 40 minutes
anticipation before EOBT.

-- Considering all flights that sent a DLA message, the
average DLA message anticipation was 58 minutes.

The analysis presented in this section clearly shows that for
non-weather related regulations the earlier the delay
anticipation and communication to the CFMU, the lower the
resulting ATFM delay values.

As the implementation of ABCD, thanks to the linkage of
flight plan through aircraft identifications, will contribute to
anticipate delays earlier and especially the delays of
subsequent flights using the same aircraft, it could be stated
that the use of ABCD will allow to decrease ATFM delays.

Correlation between ATFM delay and DLA Anticipation for
weather regulations

The following figure shows the correlation between ATFM
delay and DLA Anticipation (split in 20 minutes time
windows) for weather regulations.
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Fig. 8. ATFM delay vs DLA anticipation Weather regulations

There is not a significant general negative trend as it was
observed for non-weather regulations The fact that the curve
is not decreasing is the consequence of the uncertainty in
weather regulations evaluation:

-- However, the average ATFM delay for flights with an
anticipation inferior to 80 minutes is 23,4 minutes whereas
flights that anticipated more than 80 minutes have in
average 20,5 minutes of ATFM delay. Thus, the overall
trend is negative.

-- It can be observed that the amplitude of the oscillations
becomes lower for bigger delay anticipations.

The distribution of occurrences according to anticipation is
presented in the Figure 9.
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Fig. 9. Number of flights in each anticipation range weather regulations

This cumulative distribution for weather regulations has
approximately the same shape as for non-weather regulations,
though flights affected by weather regulations seem to
anticipate a little bit less than for non weather regulations:

-- Most of flights anticipate between 0 and 20 minutes then
the number of occurrences keeps decreasing as anticipation
increases.

-- 57% of flights have anticipated less than 40 minutes for
weather regulations, against 53% for non weather
regulations.

The different impact of DLA anticipation for non-weather
and weather regulations is probably due to the lack of
predictability of weather-related regulations, which attenuate
the positive impact achieved by increasing anticipation.

B. ABCD impact on delay anticipation strategies

ABCD implementation would enable the notification of
delays from a leg of aircraft itinerary prior to the previous
itinerary’s leg (n-2). The analysis presented in this section
aims at showing that airlines currently do not anticipate delays
from a flight prior to previous flight.

The following diagram shows the different legs of an
aircraft itinerary. Three legs have been represented: present
flight (n), previous flight (n-1) and flight previous to previous
flight (n-2).

= S
- - Present flight |

n-2 Stop time n-1 Stop time n

| Flight previous to previous flight Previous flight

Fig. 10. Different legs of an aircraft’s itinerary

Between two flights, airlines schedule a certain time called
stop time that includes taxi time, turn around time and a
certain margin that enables airlines to absorb delays.

When delays are bigger than the margin allowed by stop
time there might be reactionary effects on the following legs
of aircraft’s itinerary. Therefore, the anticipation of a delay
more than one stage ahead seems interesting in order to avoid
disruptions at the subsequent stages and reduce ATFM delay
in the following legs of aircraft itinerary.

ABCD would enable the communication of a delay that
could not be absorbed by stop times more than one stage
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ahead. Thus, it would enable the notification of a delay for the
present flight (n) from the previous flight of previous flight
(leg n-2).

Flight n-1 ¥

| Flight n-2

Scheduled
Stop time

Scheduled
Stop time

Fig. 11. Description of arrival and departure delays in aircraft itinerary

In order to determine whether flights currently anticipate
delays more than one stage ahead, it is necessary to obtain
information from previous flights’ delays. To do so, flights
were linked to the FPL of their previous flight. Previous flight
arrival delay has been computed by making the difference
between the actual time of arrival (ATA) and the estimated
time of arrival (ETA) indicated in the previous flight plan.

More precisely, the analysis compares the different
distributions of DLA communication anticipation among
flights that had sent a DLA message (this means flights that
were delayed) depending on whether their arrival delay at
previous flight (leg n-1) was major or minor. Most flights with
a major arrival delay were already delayed at their departure
airport. This means that most of the flights, that had a major
arrival delay, could have communicated their delay at the
departure, with an anticipation, in average, of at least 120
minutes before the EOBT of the present flight .

Flight previous to previous flight

=
m Present flight |
EOBT

At least
10°

Stop time. Previous flight

At least

Average European flight
30 80

A‘BCD potential value of anticipation before EOBT’
at least 120”

Fig. 12. Description of ABCD potential value of anticipation

If airlines communicate delays more than one stage ahead,
it is expected that flights that had a major delay at previous’
flight arrival would have communicated delays earlier than
flights without delay on their previous flight.

For the aim of this analysis, flights were split between:

-- Previous flight (leg n-1) with major arrival delay: flights
whose previous flights had an arrival delay greater than 30
minutes. This seems a sensible assumption taking into
account average tight stop times scheduled by airlines,
which are willing to minimize stop times to optimise their
resources.

-- Previous flight (leg n-1) with minor delay: flights whose
previous flight had an arrival delay between 0 (non-
delayed) and 15 minutes.

For each group, flights were classified depending on the
time at which airlines had sent the DLA

The following figure compares distributions for flights
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whose previous flight had major and minor delays.

100
| 94 96
100 Lo )
80 L 55
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20 36 —+—major delay
0 ‘ | | |
0 50 100 150 "

Anticipation in minutes

Fig. 13. Anticipation distribution of flights with previous flight delays

The distributions of flights with a major or minor delay at
previous flight (leg n-1) arrival are quite the same:

-- Most of the flights anticipate less than 40 minutes.

-- Only 18% of flights (15% for major delay and 21% for
minor delay) anticipate more than 120 minutes, which
means that there are few flights that anticipate beyond the
average “ABCD-potential” value of 120 minutes before
EOBT.

If airlines did notify delays from the flight previous to
previous flight (leg n-2), the proportion of DLA messages for
flights with major delay (more than 30 minutes) would be
greater at higher anticipation ranges than the one for flights
with previous flight with minor delay (less than 15 minutes).

As it is not the case, this figure implies that very few
airlines anticipate delays from more than one stage ahead of
an aircraft itinerary, even though sometimes delay propagation
may be known at stage n-2.

Through ABCD concept implementation, the propagation
of a delay detected on a given flight and aircraft, could be
analysed and its impact on subsequent flights using the same
aircraft could be anticipated. For example, if a delay is
detected on a given flight and if this delay could not be
entirely absorbed during the following stop time stages, then
ABCD would allow to anticipate delays more than one or two
flight times before the flights departures. This time
corresponds to at least an average from 80 to 140 minutes
anticipation instead of 40 minutes as it is, nowadays, for more
that one flight over two.

VI. CONCLUSION

It can be concluded through qualitative (interviews and
analysed examples) and quantitative analyses, that ABCD
implementation could bring tangible benefits to ATM
stakeholders (airlines, CFMU, airports).

Quantitative analyses

Quantitative macroscopic analyses have proved that,
whatever the information media used for the notification of a
delay, the earlier the notification of the delay the lower the
ATFM delay. They have also shown that airlines do not
generally notify delays more than 20 to 40 minutes in
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advance. Thanks to the linkage of flight plans, allowed by the
aircraft registration number, the ABCD concept would permit
to better anticipate delays than nowadays. Delays would be
notified earlier to the CFMU, which would result for the
delayed flights into a decrease of their ATFM delay.

The reduction of ATFM delays would provide aircraft
operators with a financial gain related to the cost of delay. For
the CFMU and ATM stakeholders, ATFM delay reduction
would mean a better use of the available capacity.

Thus, the implementation of an ABCD related tool would
bring airlines financial gains and allow the CFMU a better use
of the available capacity.

For low cost and regional airlines

The interviews have established that the implementation of
ABCD provides these airlines with an efficient tool to
recalculate automatically new CTOT for subsequent flights
using the same aircraft as an initial delayed flight, once a
delay on the initial flight has been detected and has found to
be propagated throughout the subsequent flights. These
airlines have stated that they were ready to provide the
necessary data to feed such a tool and would be keen on the
implementation of an ABCD-like tool.

For major or flag carrier airlines

In the case of major disruptions, these airlines have the
ability and the resources of swapping aircraft for a given flight
incurring too much delay. In some cases, they even have some
tools similar to proposed ABCD concept implementation and
they want to keep the ability of swapping aircraft readily.
Thus, they are reluctant to use an ABCD tool when they have
their own ABCD-like tool. Therefore, it is clear that the
implementation of ABCD should not be imposed to all
airlines.

VIL

The benefits brought by an ABCD tool have been proved
through macroscopic analyses performed on CFMU files.
Even if these analyses demonstrated benefits, they have not
determined precisely the magnitude of these benefits. The
only way to do so and thus to assess the benefits in a
quantitative and accurate way, is to perform TACOT
simulations on real traffic. These simulations will allow to
measure to what extent, for a batch of given delayed flights
linked with other flights by the use of a same aircraft, the
earlier notification of the first delay would have resulted in a
reduction of ATFM delays. As a matter of fact, the use of
simulations is compulsory for a precise estimation of gains in
delay, since the slot allocation process is a dynamic algorithm.

Simulations will also allow to measure the potential
increase in capacity that could bring ABCD concept in case of
restrictive regulations.

These simulations will also help to build a sturdy and

NEXT STEPS

realistic ABCD Benefits Model based on real quantitative
values rather than on estimates or on interviews with airlines.
In particular, as mentioned before, the simulations will allow a
precise estimation of delay benefits which will be translated
into financial gains.

The ABCD concept could be an efficient tool for low cost
and regional airlines as well as for CRCO purposes. However,
the implementation of such a tool could raise juridical issues,
which should be analysed carefully in order to provide airlines
with an interesting and efficient tool.

In the same way, the technical implementation of ABCD
concept requires to specify how this concept would
technically fit within existing ATM systems and especially the
CFMU and CDM systems. In particular, the way information
and data from existing systems could be used in order to
implement this concept will be analyzed and a concrete
implementation model will be proposed.

Finally, the benefits model combined with the proposed
implementation model, from which could be derived
associated costs, will allow the computation of a Cost Benefits
Analysis.
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DICTIONARY OF ABREVIATIONS

ABCD Aircraft-Based Concept Developments
ANSP Air Navigation Service Provider
ATC Air Traffic Control
ATFCM  Air Traffic Flow and Capacity Management
ATFM Air Traffic Flow Management
ATO Actual Time Over
ATOT Actual Take-Off Time
CASA Computer Assisted Slot Allocation
CDM Collaborative Decision Making
CFMU Central Flow Management Unit
CIR CFMU Interactive Reporting
CTO Calculated Time Over
CTOT Calculated Take-Off Time
DLA Delay Message
ECAC European Civil Aviation Conference
EOBT Estimated Off-Block Time
ETO Estimated Time Over
ETOT Estimated Take-Off Time
FPL Flight Plan Message (ICAO format)
IFPS Integrated Initial Flight Plan Processing System
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Dynamic Cost Indexing

A. Cook, G. Tanner, V. Williams and G. Meise

Abstract--This paper describes the development of a generic
tool for dynamic cost indexing (DCI), which encompasses the
ability to manage flight delay costs on a dynamic basis, trading
accelerated fuel burn against ‘cost of time’. Many airlines have
significant barriers to identifying which costs should be included
in ‘cost of time’ calculations and how to quantify them. The need
is highlighted to integrate historical passenger delay and policy
data with real-time passenger connections data. The absence of
industry standards for defining and interfacing necessary tools is
recognised. Delay recovery decision windows and ATC
cooperation are key constraints. DCI tools could also be used in
the pre-departure phase, and may offer environmental decision
support functionality: which could be used as a differentiating
technology required for access to designated, future ‘green’
airspace. Short-term opportunities for saving fuel and thus
reducing emissions are also identified.

I. PROGRESS DURING YEAR 1

A. Project motivation
1) Overview

ELAYS cause airlines to incur high costs. There are

environmental consequences too, particularly those
associated with additional fuel burn. Some of the financial
costs are reasonably transparent and fairly well understood,
others are much less well understood. Airlines try to manage
these costs by reducing such delays, and their financial
impacts, at all levels of planning: from the strategic phase,
through to pre-departure slot management, and on into the
airborne phase of the flight.

The Cost Index is a parameter set in the cockpit, which
determines how the FMS will fly the aircraft. It quantifies
choices concerning flying faster to recover delay, or flying
slower to conserve fuel. Boeing (2007) cites that many
operators do not take full advantage of this tool, although a
recent airline case study suggested annual savings by so doing
of US$ 4-5 million, “with a negligible effect on schedule”.
The research project described in this paper develops the
concept we describe as ‘dynamic cost indexing’, which
encompasses the ability to manage delay costs for any given
flight on a dynamic basis, i.e. in an operational context
whereby the cost of a delay varies according to the magnitude
of the delay and also strongly as a function of other temporal
factors such as passenger connectivities.

The project has two parallel objectives. These are to map
the types of data which are required to build a generic, ideal
dynamic cost indexing (DCI) tool, including the framework
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for exchanging such data, and also to start building an
operational prototype tool within an advanced, existing flight
planning software application. By describing and mapping
the general model, the objective is to enable airlines to build
their own solutions, or improve existing ones. By building an
operational prototype, in parallel, the objective is to establish
proof of concept and ensure that a practical focus is
maintained. The prototype will be built as a module within
Lufthansa Systems Aeronautics “Lido OC” flight planning
suite.

The DCI framework developed as part of this research also
encompasses environmental costs (such as emissions related
charges or permits) and impacts (such as contributions to
climate change). This will future-proof the DCI concept by
ensuring that evolving charges and/or permit schemes may be
integrated seamlessly into the both the general model and the
prototype.

2) Introduction to the Cost Index

Cost Index (CI) settings vary from manufacturer to
manufacturer. Common ranges are 0 to 99 (e.g. Smiths), or 0
t0 999" (e.g. Honeywell). The lowest value causes the aircraft
to minimise fuel consumption and to maximise range. High
values cause the FMS to minimise flight time, regardless of
fuel cost. In this sense, a low value assumes the cost of time
is low and the cost of fuel is high, and vice versa for a high
value. The Cost Index is the cost of time divided by the cost
of fuel, multiplied by a scalar:
time

Cl = xk Crime << Cfuez = CI~0

Cfuel Ctime >> Cﬁlel = CI ~ [maX]

In the context of delay recovery, the ‘cost of time’ may
more usefully be thought of as the ‘cost of delay’. CI units are
kg/min or 100 lb/h, but are often omitted due to the scalar
issue: it is more useful to refer to the generic values Cl, and
Clnax, representing maximum fuel conservation and maximum
delay recovery (minimum flight time), respectively. The
optimal cost solution, taking into account the trade-off
between the cost of delay and the cost of fuel, usually lies
somewhere between CI and Cl,,.

A flight is often delayed before push-back. Pre-departure
delay recovery is an important tool for airlines, often referred
to as slot” management. The most common method is by re-
routeing on an alternative route, with the advantage of an

! Boeing upper settings also include 200, 500 and 9999
2 CTOT: calculated take-off time
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earlier slot but usually at the cost of incurring greater fuel
burn.

A very similar trade-off exists once the aircraft is airborne.
To recover delay, increased fuel burn could be used
(employing a higher CI setting in the FMS) and/or a change
could be requested of ATC for a more direct route.
Corresponding measures could be applied to slow down and
conserve fuel. More details on this will be given later.

Despite the similarities in these methods of delay recovery,
it is important to note three key aspects regarding airborne
recovery:

o the fuelling decision has already been taken

e it must start early in the flight to be effective

e it is usually dependent on ATC acceptance (often a
limiting constraint)

3) Immediate benefits for airlines

Whilst fuel prices are accurately known by airlines, the
other part of the CI ratio, the true cost of delay, very often is
not. CI values used by airlines are, in many cases, based on
very limited supporting cost of delay data. Many airlines will
readily concede that the way in which delay recovery
decisions are made can be fairly arbitrary, or based on crude
rules of thumb, such as pursuing all slot delays greater than
‘x” minutes, or using a fixed CI value for all intra-European
flights, with only irregular adjustments for changing fuel
prices, or even none at all. This is because airlines very often
do not have the tools or resources to accurately calculate these
costs. Echoed later by Boeing (2007), much of earlier
commentary made by Airbus (1998) is still just as true today:

Much progress could be obtained by having airline accountants look

into the other time-related costs also. In practice, however, it has been

hard for flight operations departments to persuade their airline financial
analysts into assessing marginal operating costs. This is probably
because the latter have not yet integrated the importance of the cost

index itself, largely an unknown concept to their decision-makers ... A

large variation exists in how airlines actually use the cost index: some

of this variation is related to specific operator requirements, some of it
may reflect difficulties with the concept that may lead to inappropriate
application.

However, it should be stressed that a range of airline
operational practice does exist, with some airlines notably
more advanced than others. A few already have tools for
dynamic delay cost estimation, but even these would not claim
that there is not room for significant advance in this area.
Through previous research undertaken by the University of
Westminster, and at a dedicated open-invitation CI technical
meeting held in Frankfurt in August 2007 as part of this
project, the views of a number of airlines have been
considered in this context. There was strong support at this
meeting, and at a subsequent Lido OC user conference in
Berlin, in September 2007, for further development: equally to
support airlines just starting to use cost indexing, and for those
wishing to strengthen existing tools. Many airlines have a
significant barrier to identify which costs should be included
in ‘cost of time’ and how to quantify them. In addition, the
absence of industry standards for defining and interfacing
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such tools has been highlighted.

This project is committed to tackling these problems and
sharing the results with the airline community, from whom
invaluable feedback and support are welcomed and gratefully
acknowledged. An overview of two more advanced cases of
operational practice is given in section IL.A.1.

4) Environmental benefits

As the political position relating to emissions charges
remains uncertain, this project aims to deliver a flexible
framework in this context, which will serve two main
purposes:

e to ensure that both the DCI general model and prototype
remain useful and relevant should emissions related
charges or permits be introduced

e to allow airlines to consider emissions in their decision-
making process in response to delay, allowing them to
monitor how this affects such emissions: which may
become particularly relevant for airlines wishing to use
good environmental practice as a marketable competitive
advantage (an aspect of emerging importance to many
airlines)

The inclusion of environmental costs has a strong link with
the vision for an ultra green air traffic system in 2020, set out
by the Advisory Council for Aeronautical Research in Europe
(ACARE, 2004). This vision sets out specific targets for
improved environmental performance by airports, aircraft,
airlines and air traffic management. For ATM, the vision
includes the use of ‘green routes or areas’, to provide an
incentive for aircraft to be equipped with improved
environmental technologies. The vision also includes the
specification of an ‘environment signature’ for each aircraft to
be included in flight plans and regionally, or centrally,
environmental impact assessments to compute optimised 4D
trajectories. By including emissions, the framework
developed in this project will contribute to the realisation of
this vision. It offers an environmental decision support tool
for airlines, which could be used as a differentiating
technology required for access to designated ‘green’ airspace.
The framework combines an ‘environment signature’ with
airline costs, providing valuable support for collaborative
decision-making between airlines and air traffic management
both pre-tactically and during flight, allowing both
environmental and economic impacts to be considered.

The development of these types of decision support tools to
enable cost-effective  optimisation of environmental
performance could also contribute significantly to the SESAR
objective of reducing the environmental effects of flights by
10%, specifically by addressing excess fuel consumption
(SESAR Consortium, 2006). Such considerations relating to
fuel burn could, in particular, be related to:

e assessment of route extension fuel penalties to reduce slot
delays

e avoidance of unnecessary (and costly) extra fuel burn to
recover delays which are not financially worth recovering
(e.g. those with few connecting passengers on the delayed
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airborne flight and/or where the connecting flights at the
destination are already also delayed)

e accelerated fuel burn offsets from the potential for
reducing off-stand holding at airports by freeing waiting
aircraft from gates, thus improving local air quality

5) Datalink context

This project also assesses how the technology of datalink
might be used more in the facilitation of DCI. Datalink is
already used by Lido OC to send a variety of messages to the
cockpit, including FPLs, NOTAMS, CTOTs and free text.
Direct changes cannot be poked to the FMS, i.e. the pilot has
to select JACCEPTT]’ to uplinked messages to pass them into
the FMS®. This would apply to FPLs or proposed CI changes,
for example. Due to FMS memory constraints* on the number
of routes which may be stored, it is often very useful to send a
new FPL to the cockpit in this way.

Datalink also plays a central role in Lido OC’s flight-watch
tool, ‘AeroView’, for dynamically monitoring the progress of
flights. AeroView automatically sends (uplink) messages
requesting position, altitude and remaining fuel data which
generate automatic (downlink) replies, i.e. without pilot
intervention.

Furthermore, datalink is also a key mechanism for airlines
to receive information pertaining to aircraft intent, which is an
important consideration in the DCI context. If a change to the
planned flight profile is instigated by either independent pilot
request or by ATC, the airline’s operations control will not
ordinarily be aware of this (see section 1.B.1) unless the pilot
informs them, usually by a downlink message.

Whilst ACARS® is mostly used off-gate, the at-gate
analogue, ‘gatelink’, is a two-way ground/ground
communication link based on standard IEEE® protocols, e.g.
over a wireless local area network (WLAN). Once connected
at the airport (typically within a range of 100 metres of the
gate), the cockpit becomes a node on the airline’s IP-based
network, with a high rate of data transfer (often several
hundred times faster than ACARS).

Not all airlines are currently exploiting these technologies.
In section II.A.1, where two airline cases are overviewed, the
use of datalink will be looked at in the context of operational
practice.

B. Methodology

Figure 1 illustrates the relationships, in a simplified way,
between the various elements of delay management. Cost to

* Whilst, on the one hand, this represents a constraint on pilot flexibility, on
the other hand it is a safety issue, as the FMS has no ‘rollback’ functionality if
a proposed solution is not applicable or acceptable to the pilot. The FMS
can’t hold more than one route at the same time, such that an update will
delete the current information.

* Such constraints may currently be overcome by using Electronic Flight
Bag applications, some of which may still run on stand-alone devices (such as
laptops) in the cockpit.

5 Aircraft Communications, Addressing and Reporting System

® Institute of Electrical and Electronics Engineers

the airline is clearly a key element: the more costly a
particular delay, the more effort the airline will be willing to
expend to resolve it. The ability of given aircraft to recover
from delay is based on both the aircraft’s performance
characteristics (e.g. how fast in can fly) and the airspace
procedures (e.g. what ATC will allow). The darker solid lines
represent strong interactions: it is clear, for example, that both
aircraft performance characteristics and airspaces procedures
affect the environmental impact of the flight.
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Fig. 1. The wider context of delay management
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Currently, the interaction between airline costs and
environmental impacts are weak (represented by the lighter,
dashed line), but this situation is likely to change. Exogenous
factors such as technology and policy affect the upper three
elements. Policies such as military access to airspace, and
indeed, environmental considerations, determine airspace
procedures to a considerable degree. External policies such as
EU compensation regulations for delayed passengers, along
with internal airline policies on crew remuneration, determine
the actual cost of a delay to the airline. Acting as a ‘cement’
between these elements is data exchange.

In specific terms of DCI, three primary aspects may be
considered:

e aircraft performance
- communications with the aircraft,
message to speed up / slow down
- operational capability of the aircraft to adapt speed
e cost to airline
- internal data management, e.g. on predicted passenger
missed connections
e airspace procedures
- ATC/ATM communication, e.g. to facilitate delay
recovery

Whilst Figure 1 is primarily illustrative in nature, in serves
to show the important elements of DCI which need to be
considered as a whole. The desire to avoid incurring costs is a
primary driver of AO behaviour. Actions taken to recover
such costs are constrained by both aircraft performance and
airspace procedures. Data exchange is a primary enabler of
delay recovery, without it, neither the true costs of delay can
be computed, nor is there any means to manage the delay. As

e.g. ACARS
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a consequence of the way the delay is managed, different
environmental impacts result. The coupling between this
impact and the associated cost to the airline is set to become
stronger.

A DCI tool which does not fully consider the wider
operational constraints, and which is not in an adequately
integrated data environment, will not work. These four
elements are discussed in turn, in the following sections.

1) Airspace procedures

Dynamic cost indexing relies on being to able to vary
aircraft speeds to arrive at the destination at economically
optimised times. To understand two constraints on this
process, it is necessary to establish the context of both
airspace procedures (current practice and restrictions) and
aircraft performance (the capability of speeding up or slowing
down, for example).

Whilst arrival management in TMAs is frequently achieved
through the use of speed control, usually in combination with
heading and altitude constraints, en-route separation is
normally managed in European airspace through these latter
two alone (be that through the airways structure or controller
instruction). The focus of attention in the context of delay
recovery is on the en-route phase, for two reasons. Firstly,
this is the longer phase in the vast majority of cases; it is
difficult to achieve large alterations to the arrival time during
the more limited time the aircraft is in the TMA. Secondly,
other pressures — not least separation and runway management
— are more severe in the TMA.

In the en-route phase, speed control is less favoured
probably because it requires higher controller monitoring. As
EUROCONTROL’s Performance Review Unit (2005) point
out, whilst en-route sequencing is common practice in the
US’, it is hardly ever used in Europe. Where it does exist, this
is on the basis of bilateral agreements between neighbouring
ACCs. Ehrmanntraut and Jelinek (2005) report that the effect
of speed control to resolve aircraft conflicts has not been well
described in the literature, and although speed control may be
used in conflict resolution, only very rarely do clearances in
Europe involve speed in upper en-route sectors. Their paper
further states, however, that “speed manoeuvres have a very
high potential for [multi-sector planning] ... by applying very
low speed adjustments”. From RAMS (Reorganized ATC
Mathematical Simulator) computations, it goes on to
conclude: “Best results are achieved when ... one [controller]
applies speed and the other one a horizontal manoeuvre”.

In terms of speeds adopted by aircraft, an analysis by Lenka
(2005) shows considerable homogeneity of ranges:

... 89.8% of the CEATS [Central European Air Traffic Services] traffic

prefers 10 different speed ranges out of proposed 36. The most

preferred speed range 446-450 NM/h is used by 1500 aircraft
representing 29% of the traffic, followed by 857 aircraft (16.5%) with

the speed between 456-460 NM/h and 685 aircraft (13.2%) with the
speed between 426-430 NM/h. These three speed ranges show high

" Known as ‘Miles in Trail’ — the distance required between consecutive
aircraft on a given flow, usually to the same destination.
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potential to be assigned to the inbound traffic for synchronization

purposes.

In terms of operational variances for given aircraft, Averty
et al. (2007) suggest that controllers are typically exposed to
such variances of +3% to —6% (more usually only +3%, in
fact) and that such orders of change impose no significant
increase in perceived controller workloads and remain largely
unnoticed in normal conditions, citing Ehrmanntraut and
Jelinek (2005a), these authors go on to comment that:

... between FL320 and FL400, speeds are very homogeneous: all

aircraft flying within this altitude range have a cruise speed between

430 and 470 kts

Evidence therefore suggests that the typical speed variances
to which controllers are exposed are relatively low. Indeed,
Averty et al. (2007) further comment that:

... ATCOs are not expected to monitor accurately/specifically speed

changes, as these rarely vary as long as aircraft maintain their cruising

altitude (en-route airspace). Such changes occur in relation with a few
specific events (head or tail winds, turbulence, etc.)

Controllers can call up flight plan data with the planned
speeds of aircraft entering their sector and check by RT if the
(ground) speed appears to be inappropriate. However, the
controller’s focus of attention will be on separation, such that
whilst this looks secure, speed variations of the order referred
to above are unlikely to be noticed. As mentioned, this is
made less of a critical issue by the fact that aircraft on the
same cruising altitudes tend to be operating at rather similar
speeds.

In terms of en-route aircraft actively wishing to change
speed, regulations (ICAO, 1990) specify that if the average
TAS? at cruising level between reporting points varies, or is
expected to vary, by £5% or more of the speed declared in the
flight plan, this should be notified to ATC. (Such regulations
refer to “inadvertent changes”, which has caused some
confusion, as discussed in section II.A.2). In such cases either
a manual adjustment would then be made by ATC in the
Flight Data Processor, or, for more advanced systems’, this
would be automatically detected by the system which would
also recalculate the internal flight profile.

For long-haul flights from the IFPS Zone, for example to
the US', FPLs are normally filed well in advance of the
Scheduled Time of Departure (STD), to avoid ‘late-filer’
status, such that by the time the aircraft is airborne, en-route
conditions may well suggest a better routeing (in addition to,
or instead of, a speed change). In this case, the airline may
request ATC to file an air-filed flight plan (AFIL'") on their

¥ True Air Speed.

° An example is the Swedish case, whereby SAS may request a fuel
conserving ‘ecocruise’ or ‘ecodescend’. In this case Luftfartsverket’s ATC
system (‘E2K’) automatically computes a new flight profile.

' Eastbound transatlantic flights are not subject to ATFM regulations,
since the departure airports are outside the IFPS Zone, although some flights
from outside this Zone may still be subject to ATFM slot allocation.

"' AFIL: a flight plan submitted to IFPS on behalf of an airborne aircraft by
an ATS unit (controlling the aircraft at that time, or into which airspace the
aircraft wishes to fly). If instigated by the airline, it first sends this normal-
format flight plan message to ATC (e.g. from Lido OC). The departure
aerodrome text is replaced by “AFIL”.
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behalf. Usually, however, the intent to change a flight plan
en-route is driven by ATC itself. Instruction is passed by
ATC to the aircraft by RT, or, increasingly via ACARS, then
it sends an AFIL to IFPS".

2) Aircraft performance

As already discussed, the minimum cost solution for a
given flight lies somewhere between Cly and Cl,. The
question then arises as to the relationship between CI, and
Clx and the minimum and maximum speeds of the aircraft.
In other words, how tightly does the Cly — Cl,,,x envelope sit
within the performance envelope of the aircraft?  This
envelope is defined by Vyy and Vo which are, respectively,
the minimum and maximum operating speeds of the aircraft,
signifying limits which should never be disregarded"’.

Furthermore, in order to set DCI into its en-route context, it
is necessary to quantify the performance envelope itself in
terms of the speed changes available to aircraft at typical
cruise levels. Reference to Jenkinson et al. (1999) suggests
values in the range of 5 - 7%. Based on EUROCONTROL’s
‘Base of Aircraft Data’ (‘BADA’), Ehrmanntraut and Jelinek
(2005) used speed variances of up +7.5% in their RAMS
simulations. Our calculations, also based on a range of
BADA aircraft, gave very similar results at cruise levels, with
much higher envelopes at lower altitude, as indeed also shown
by Ehrmanntraut (ibid.).

In terms of the ‘inner’ Cost Index envelope, Airbus
technical documentation (Airbus, 1998) shows that Cl, and
Cl,nax correspond pretty closely to Vyy and Vo, respectively.

1 ” ” 1
14— Clg Clipay —>1

min
T cost T

VMU VMO

cruise-level performance envelope (% x%)

Fig. 2. The wider context of delay management

In practice, the speed used for flight planning with Cl, is
usually a little above Vyy (because Vyy is too unstable to
operate at, e.g. in turbulence) and Cl,,, is a little below Vyo
(because Vo actually results in a very high rate of fuel burn
with approximately no gain in speed, relative to a value just
below it). Boeing (2007) uses very similar settings.

CI values not only affect speed, but other performance
characteristics, such as turning and climbing. Higher CI
values (assuming time is more important than fuel burn)
produce higher speeds during climb, with a shallower climb
path resulting in Top of Climb being further out, although it is

12 In fact, only to IFPS, such that the airline is often unaware of this, which
can be problematic. These changes are often driven by CFMU requests, for
ATFM purposes.

3 All four of these parameters are also a function of weight, altitude,
temperature and wind.

reached slightly sooner. Conversely, Top of Descent occurs
later.

It is important to note, however, that airlines do not usually
use the full CI envelope, as touched upon above. This is due
to a steeply diminishing return on fuel burn with respect to
time saved at high CI values, plus the negative effects of
increased cockpit and cabin noise at such higher speeds,
which reduces both passenger and crew comfort. For these
reasons, airlines usually define a limiting CI value for their
operations, which will vary by aircraft type. In practice, very
low values of CI are also normally avoided, due to negligible
differences in fuel consumption for non-negligible flight time
reductions. Cly is normally only selected if there is an
abnormal fuel concern.

At optimum flight levels, Airbus data (ibid.) suggest
working speed envelopes of 4-6%, making the following
useful summary points regarding altitude and weight (author’s
emphases):

... ECON speed is very sensitive to the cost index when flying below

optimum altitude especially for low cost indices, a sensitivity effect
which is rather reduced around and above optimum flight level.

... ECON cruise Mach stays fairly constant throughout the flight for
representative cost indices ... as well as for representative weights and
flight levels.

Having established the operational context of the Cost
Index within aircraft performance parameters, the main driver
of delay costs — delayed passengers — is assessed in the next
section. Other airline costs will be addressed within the scope
of this project, but passenger costs are the Year 1 focus in this
respect.

3) Cost to airline

Passenger costs resulting from air transport delays fall
broadly into three categories:

e ‘hard’ costs borne by the airline (such as rebooking and
compensation costs)

e ‘soft’ costs borne by the airline (such as loss of market
share due to passenger dissatisfaction)

e costs borne by the passenger, not passed on to the airline
(e.g. potential loss of business due to late arrival at a
meeting; partial loss of social activity)

The latter category is not of direct concern to this research,
since it is internalised by the passenger. The objectives of this
study are only to quantify those passenger costs which directly
impact the airline. Indeed, the inclusion of these costs is at
best rather arbitrary and can lead to highly inflated generalised
cost estimates if not treated with caution.

Of the two categories borne by the airline, both are difficult
to assess. The ‘hard’ costs are difficult to compute due to the
problems involved in integrating the necessary data. It is an
objective of this research to resolve this as far as possible.

‘Soft” costs are problematic to quantify because of the
number of complex assumptions which must be made when
modelling them, plus their strong dependence on market
conditions (such as service availability and price structures).

By the end of this study, a crude methodology will be
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suggested to enable airlines to estimate and adjust these costs
according to different operational assumptions.

Returning to the ‘hard’ passenger delay costs, these refer to
actual, measurable, bottom-line costs incurred by an airline as
a result of delayed passengers, such as those due to: right of
care (under Regulation (EC) 261/2004), re-booking / re-
routeing costs, and compensation.

TRans [eie Timetanica Acti/Estimated | Status DELAY

[ErE)

aFR| 3125 |08 am| 2134 01 aam
That
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[
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Notes
Example data only. All costs in Euros. All times local.
MCT = Minimum Connect Time
FFP =Frequent Flyer Programme (Regulation 261/2004 applies to ‘free’
tickets issued under such schemes - see Article 3)
Lufthansa Miles & More levels: “Member” (MMM), “Frequent Traveller”
(MMFT), “Senator” (MMS), “HON Circle” (MMHC)
Fig. 3. Example of dynamic pax data required by flight
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Fig. 4. Delay cost scenario decision tree: example of static pax data required

In order to assess these costs fully it is necessary to have
access to both the data in Figure 3 for any given flight, on a
dynamic basis, and also, for the same passengers, to be able to
populate the (mostly) static decision tree in Figure 4, which is
both a function of airline policy and EU law (Regulation (EC)
261/2004). Figure 4 is structurally based on the Regulation,
which came into force on 17 February 2005: it only relates to
departure delay (nothing is legally due to the passenger for
any type of arrival delay per se), denied boarding, and
cancellation. It confers passengers with rights only at the
point of departure.

From the perspective of Regulation (EC) 261/2004, nothing
is due to a passenger as a result of a missed connection per se.
Therefore, with a  Lufthansa  conjunction ticket

EUROCONTROL Innovative Research Workshop 2007
JFK-FRA-CDG, nothing would be due as the result of a late
arrival at FRA, even if the connection is missed, except:

TABLE 1
EXAMPLE OF PASSENGER RIGHTS ACCORDING TO REGULATION (EC) 261/2004

If the JFK — FRA flight is delayed by five
hours or more and the passenger decided not
to fly on it (in which case a reimbursement

In which case
the passenger

Ceell would be due, and a flight back to the point would not even
of origin — if applicable, i.e. the passenger be on the JFK-
g pp > e thep g FRA segment

was connecting at JFK)

‘Right of care’ (e.g. a meal) at FRA, if the
CDG flight itself was delayed by two or
more hours (i.e. nothing is due to the
passenger specifically on account of arriving

Case 2
In which case

the cost would

late in FRA) ’
be attributable
. to the FRA —
If the FRA — CDG flight was delayed by five CDG segment

hours or more and the passenger decided not
to fly on it (in which case a reimbursement
would be due, and a flight back to JFK)

Case 3

Figure 4 can also be used to understand departure delay
without any connecting flight, by following the left-hand side
of the figure. Grey text (centre) means that a right is not
afforded by Regulation (EC) 261/2004 as a result of delay. It
is to be noted that no additional compensation per se (i.e.
above reimbursement) or re-routing is required by the
Regulation as a result of any amount of delay. This again
emphasises the need to integrate ‘company’ policy into this
scheme, in particular:

e compensation policies
e re-booking policies and, taking Lufthansa as an example,
how these vary:
- internally (whether allocated at zero cost for LH — LH
re-booking)
- within STAR alliance (e.g. special arrangements with
SAS)
- with other carriers (typical costs;
arrangements by route / ticket class)

Such static data could be integrated with the dynamic data
of Figure 3 to build a continuously updated estimate of the
current cost of the unrecovered delay. Figure 3 shows that
with the current arrival delay of 90 minutes, an estimated total
of € 12 077 passenger delay costs would be incurred. Data
flagged red in the ‘MCT’ and ‘connex flight DLY” columns
indicate a missed connection. It is noteworthy that this design
allows the airline to set different policies for different
passengers, for example by giving special care to the high-
yield and/or higher status frequent flyer programme members.
This does indeed happen in practice; several airlines have the
capacity to differentially and dynamically track a problem
with a delayed high-status passenger — some can even
determine if the same passenger has recently suffered a delay
on one of its services.

Further practicalities of this approach will be explored later
in this paper. For now, it is important to identify the
importance that: proper consideration is given to the decision

any special
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windows involved in delay recovery (it is obviously too late to
recover a delay in the final stages of a flight); data on
connecting flight status may not be available; the database(s)
must protect confidential airline data such as fuel prices and
special compensation policies. It is also important to note that
there will very often be no economic advantage to recover the
entire delay: allowing say five minutes to persist will often not
incur any (significant) airline costs but will save unnecessary
fuel burn.

4) Environmental impact
Carbon dioxide

Once emitted, carbon dioxide remains in the atmosphere for
hundreds of years and becomes uniformly mixed by
atmospheric motion. As a result, the climate impact of 1 kg of
emitted CO, does not depend on the altitude or location of
emission. The amount of carbon dioxide emitted by
combustion of fuel depends only on two factors, the carbon
content of the fuel, which for kerosene is typically 71 500
kg/TJ (IPCC, 2006), and the amount of fuel burned. This
allows fuel consumption to be used as a direct indicator of
carbon dioxide emissions. The main institutional mechanisms
for regulating carbon dioxide emissions from aviation are the
Kyoto Protocol and the proposed extension of the EU
Emissions Trading Scheme to include air transport.

The Kyoto Protocol requires that domestic aviation be
included in national carbon dioxide emission inventories and
in emission reduction targets for Annex 1 signatory countries.
Emissions associated with fuel sales for international flights
are reported separately. These emissions are excluded from
national reduction targets under the terms of the Protocol,
which instead called for action to be pursued through the
mechanisms of the International Civil Aviation Organization
(United Nations, 1998).

In December 2006, the European Commission issued a
proposal for legislation to bring aviation into the European
Emissions Trading Scheme (European Commission, 2006).
The proposed design would impose a cap on maximum CO,
emissions from aviation, with aircraft operators required to
undertake monitoring and reporting, and to surrender permits
covering their emissions. The negotiation process is ongoing
and the scheme design is not yet finalised. ICAO have
produced draft guidelines for the participation of aviation in
emissions trading schemes, with a preference for open
schemes: allowing aviation to be a net purchaser of emissions
permits from other industries (ICAO, 2007).

The Intergovernmental Panel on Climate Change
recommends three methods for calculating emissions from
aviation for reporting purposes. Tier 1 is based only on fuel
sales, while Tier 2 uses fuel sales in conjunction with standard
data for Landing-Take Off (LTO) procedures. Tier 3 is the
most detailed approach and is based on flight movement data.
Tiers 2 and 3 are more accurate at differentiating between
international and domestic emissions. Tier 3 offers the best
disaggregation of emissions by individual flights (IPCC,
2006).

Nitrogen Oxides

The European Commission has pledged to develop a
proposal to address nitrogen oxide emissions from aviation by
the end of 2008 (European Commission, 2006). The form this
proposal will take is uncertain, but includes a number of
options for corresponding measures to operate alongside
emissions trading for CO, (Wit et al., 2005). There are
existing restrictions on NOy emissions in the LTO cycle
administered through ICAO’s Committee on Aviation
Environmental Protection. The effectiveness of extending
these limits to control NO, emissions at cruise altitudes is not
clear. The limits apply to the certification of new aircraft
engines, so there would be a significant delay before new
emissions restrictions would apply across the full aircraft fleet.
Other options include modifying airport landing charges
according to certified LTO NOy emissions. This is in use at
some airports as an air quality measure, but again it is
uncertain whether providing incentives to reduce low altitude
NO, emissions would be an effective way to reduce emissions
at cruise. The option that would most accurately address
cruise altitude NO, emissions would be an en-route charge
based on emissions calculated from the fuel flow rate and
applying an emission index based on aircraft type and
adjusting for temperature and humidity (Wit et al., 2005).

In addition to the wuncertainty surrounding proposed
legislation, several factors complicate the inclusion of
nitrogen oxides (NOy) in the DCI framework. While carbon
dioxide emissions are proportional to fuel burn, NOy
emissions depend on the background atmospheric conditions.
The climate impact of such emissions depends on their
altitude and location; reducing cruise altitude can increase
NO, emissions but reduce the climate impact. NO, emissions
at typical cruise altitudes have two competing climate effects.
Methane concentrations are reduced which has a cooling
effect; the ozone concentration increases, contributing to
warming. These two effects do not simply offset each other.
Methane has a longer lifetime than ozone, and the spatial
patterns of the two effects are very different. At cruise
altitudes in the stratosphere, NO, emissions can reduce, rather
than increase, ozone. Our approach to NO, emissions is
discussed further in section I1.C.

5) Integrating emissions into flight planning

For integrating CO, emissions into the DCI framework,
Tier 1 and Tier 2 approaches would be too coarse to allow any
fine level resolution to be made regarding delay management
decision-making.  We propose an approach which is
consistent with the most detailed option (Tier 3b, in fact)
which is based on flight trajectory as well as aircraft and
engine data, and by calculating CO, emissions on a flight-leg
basis.  This methodology will integrate with existing
functionalities of Lido OC, which is capable of outputting fuel
burn at the flight-leg level (although users rarely require such
data).

Looking ahead to Year 2, it has been commented above that
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the option that would most accurately address cruise altitude
NO, emissions would be an en-route charge, based on
emissions calculated from the fuel flow rate, applying an
emission index based on aircraft type, and adjusting for
atmospheric conditions. This would also be highly suited to
the flight-leg model, and suggests an additional functionality
of identifying emissions within national boundaries, following
the way en-route ATC charges are currently calculated in
Europe.

By considering potential CO, and NO, calculational
requirements together, and taking the common approach of a
flight-leg model which is able to respect international
boundaries, allows a flexible and future-proofed solution to be
constructed. Figure 5 shows an example flight plan with
corresponding flight-leg data in Table 2.

mT‘ELpolg,x | "
OSMAX :
EDDF

-B738/M-SDRPWY/S

-EGLL1500

-NO444F330 DVR6J DVR UL9 KONAN UL607 SPI
POBIX/NO414F230 T180 OSMAX OSMAX3E
-EDDF0057 EDFH

-EET/EGTT0008 EBUR0017 EDVV0041 EDUU0041 EDGGO047

Fig. 5. Extract of LHR - FRA flight plan, with map

UT180 DITEL T180

By using a real flight plan as a test case, i.e. planning with
permitted routeings and altitude restrictions, with knowledge
of national boundaries, it will be possible to populate each
flight leg with planned fuel burns based on historical data for
a given aircraft (i.e. with actual knowledge by tail-number) for
typical meteorological conditions and ATC practice. These
results will be presented in the next section.

TABLE 2
LHR — FRA FLIGHT PLAN: PLANNED ROUTE AND TIMING, WITH RESTRICTIONS

EUROCONTROL Innovative Research Workshop 2007

[ED-ED JOSMAX [EDDF/07L] 0103 JOSMAX3EISTAR [(see text)

Notes

* KONAN-MATUG not FL270

Navaids at: DETLING (DET), DOVER (DVR), KOKSY (KOK) &
SPRIMONT (SPI) (other points are waypoints only)

C. Key results for Year 1

Whilst much of the work undertaken in Year 1 has been
invested in developing the methodology, this section presents
key quantitative outputs based on our initial calculations.
Table 3 completes the calculations defined by Table 2.

TABLE 3
LHR — FRA FLIGHT PLAN: PLANNED SPEED AND ALTITUDES, WITH OUTPUTS
True Leg
Phase | State | From To On Air | Flight |ATC fuel LegCO,
Speed | Level | (€) (ko) (kg)
(knots) g

[EG-EG [EGLL/09R |[DET SID (VAR) [SFL 250 1005] 3206

Climb o 5 kG [pET DVR  [SID | <444 gf ;;g Tl 156 | 203 648
EG-EB|DVR KONAN |airway | 444 [FL 330 184 587
EB-EB [KONAN |[KOK airway | 444 |FL 330 124 396
EB-EB [KOK FERDI  |airway | 444 [FL 330 192] 612)
EB-EB [FERDI  [BUPAL |airway | 444 |FL 330 | 288 188] 600

Cruise [EB-EB [BUPAL  |REMBA lirway | 444 |FL 330 61 195
EB-EB [REMBA [SPI airway | 444 |FL 330 139 443
EB-ED |SPI DITEL  |airway | 444 [FL 330 153 488
ED-ED DITEL  [BENAK |airway | 444 |FL 330 15 48|
ED-ED [BENAK |POBIX  |airway | 444 [FL 330 68 217
ED-ED [POBIX  |AKIGO |airway | 444 - [FL 330- | 117 6 19
Descent[ED-ED JAKIGO  |OSMAX hirway | 414 |FL 230 13 41
ED-ED [OSMAX |[EDDF/07LISTAR | (VAR) [(VAR) 357 1139

Elapsed time Permitted
Phase | State From To (@ ‘To") On planning
EG-EG [EGLL/09 [DET 0009 IDVR6J SID (see text)
Climb R
EG-EG [DET IDVR 0012 IDVR6J SID (see text)
EG-EB [DVR KONAN 0015 UL9 airway FL 250 — FL
660
EB-EB [KONAN [KOK 0018  |UL607  firway |[FL 195—FL
660*
[EB-EB [KOK IFERDI 0023 UL607 airway |FL 195 — FL 660
EB-EB |[FERDI BUPAL 0028 UL607 airway |[FL 195 — FL 660
Cruise [EB-EB [BUPAL |REMBA 0029 JUL607 airway |[FL 195 — FL 660
EB-EB REMBA |SPI 0033 lUL607 airway |FL 195 — FL 660
EB-ED |SPI IDITEL 0037 UT180 lairway |[FL 195 — FL 660
ED-ED [DITEL  [BENAK 0037 [T180 airway 6000 — FL 660
ED-ED [BENAK [POBIX 0039 [T180 airway [6000 — FL 660
ED-ED [POBIX |AKIGO 0040 [T180 airway 6000 — FL 240
Descent|ED-ED |JAKIGO |OSMAX 0041 [T180 airway 6000 — FL 240

After take-off, the aircraft is subject to a series of AIP-
published instructions for the DVR6J SID, notably not to
exceed 250 knots below FL 100 (unless instructed otherwise),
not to climb above 6000 feet (until instructed), that the en-
route cruising level will be issued by ATC after take-off, and
that the aircraft should be levelled off at 6000 feet as it
approaches DET. In practice, the aircraft is normally at FL
250 by DET (which is 50NM from EGLL/09R: ATC usually
takes the aircraft off the SID as soon as possible) and the fuel
calculation in Table 3 reflects this practice (with the aircraft
actually at or below 6000 ft for 8NM from EGLL/09R to an
intermediate waypoint). As shown in the flight plan, it is
desired that the aircraft be established on FL 330 at 444 knots
from top of climb.

Similarly, the AIP arrival instructions for the OSMAX3E
STAR detail that once cleared from the OSMAX holding
pattern, the aircraft follows a series of waypoints, not
descending below 5000 feet. Once the REDLI waypoint has
been reached, the aircraft is not to exceed 250 knots; beyond
REDLI, the aircraft is not to descend below 4000 feet until
instructed by ATC.

The calculation of CO, emitted, in the last column of Table
3, utilises an energy content of aviation kerosene of 44.59
TJ/10° tonnes, established by the IPCC (1996), and a CO,
emission factor of 71 500 kg/TJ (as cited in section 1.B.4).
This gives the result that 3.19 kg of CO, is emitted per kg of
kerosene consumed.
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In Year 2, this framework will be extended to allow
emissions cost data to be computed, using a common flight-
leg approach for both CO, and NO,. Whilst this framework
will exceed likely operational requirements as far as permits
and charges are concerned, the user will be able to relax the
settings to produce simpler values. Towards next
incorporating time saving functionalities into the framework,
typical CI values used by airlines were used to produce Figure
6, based on a LIS — HEL (longer range) flight.

15.000
ClI500-999 clo0
14.000 .\
T 10w i
] \ clzo0
N
£ 12000 cl100 _ ci50
= f cHs  clo
11.000
10.000

04:20 04:30 04:35

Trip Time

Fig. 6. LIS - HEL trip time v. trip fuel, by various CI values (B737-800)

04:05 04:10 04:15

As introduced in section [.B.2, airlines do not usually use
the full CI envelope. Zone A in Figure 6 represents an area of
technically possible operations which an airline would not
ordinarily choose to use. Ignoring the non-linearity issue,
Figure 6 can be mapped back onto Figure 2 to give an
illustrative, updated version of the latter, as shown in Figure 7.

Cl, Clina
HE— 4 /=

min
T cost T

VMU VMO

cruise-level performance envelope (& 4-7%)

Fig. 7. The wider context of delay management (refined)

This information can now be used to explore a series of
realistic time savings, across 23 simulated flights'*, as given
in Table 4"°. The values in this table, showing time and fuel
differences, thus relate to the corresponding differences
exemplified by zone B in Figure 6, for each of the airport-pair
flights considered, from Cly to Clyuxg). Values also depend
on payloads, engine types, known tail-specific fuel
consumption correction factors, and different lateral routes
and vertical profiles. Typical settings have been used in the

'* The detailed selection rationale for these 23 routes was given in
Technical Discussion Document 3.0. See section III.

' Despite the typical settings used, it should be noted that the timings and
fuel burn figures in Table 4 should not be taken as absolute values, as clearly
they will vary according to upper air temperatures and winds, which are
constantly changing. These flight data were based on flight plans calculated
17-22 OCT 07. Taking the LIS-HEL flight as an example, under the same
input assumptions, this was calculated as taking 29 minutes longer, when
computed a few days later.

table, the only difference between the fuel and time values
being the different CI applied. These results will be discussed
in section I1.A.2.

TABLE 4
TIME SAVINGS ACHIEVABLE ON 23 SELECTED ROUTES
Differences: Clyax) C.f. Clo
Extra Time saving
Route & aircraft Clmaxe)Vvalues | fuel burn (kg) (min)
. Per minjPer hour|
Ref. Route GCD ACFT Cl FI_|ght Total | time flight | Total
code (NM) time .
saved time
01\07 |CDG-LHR| 188] A320-200 | 200 | 00:39 120) 60) 3.1 p
02\08 [AMS-LHR| 200 B737-500 | 200 | 00:41 70 39 2.9 2|
03\05 | TLX-FRA | 233| A300-600R | 400 | 00:54 120] 30] 4.4 4
04\06 |DUB-LHR| 243| A321-200 | 500 | 00:47 140) 47 3.8 3
05\02 | FCO-LIN | 254/ ERJ 175LR| 100 | 00:47 50) 17 3.8 3
06\01 [MAD-BCN| 261|ERJ 190AR| 500 | 00:51 180 90] 2.4 2
07\14 | CPH-OSL | 280] A319-100 | 200 | 00:48 70] 35 2.5 2]
08\04 | EDI-LHR | 288 B757-200 | 500 | 00:49 60) 30] 2.4 2|
09\17 IMAD-PMI| 295/ ERJ 175LR| 100 | 00:58 20 10 2.1 p
10\10 [ARN-CPH| 296 B737-800 | 300 | 00:51 120 60 2.4 2|
11\03 | ORY-TLS | 309] A318-100 90 00:48 130] 65 2.5 2|
12\16 |ORY-NCE| 364 F100 100 | 01:02 110] 22 4.8 5
13\09 |FCO-CDG| 595 A310-300 | 500 | 01:30 930 155 4.0 6|
14\18 |[FRA-MAD| 769] A321-200 | 500 | 02:01 1110] 123 4.5 9
15\20 | IST-DUB | 1594] A319-100 | 200 [ 03:54 950 73] 3.3 13|
16\19| LIS-HEL | 1819 B737-800 | 300 | 04:16 1180 79 3.5 15]
17\13 |LHR-DXB| 2972| A340-600 | 500 | 06:17 5600 350 2.5 16
18\11 | LHR-JFK | 2993] B767-300 | 300 | 07:01 | 3000 94 4.6 32
19\15 |[LHR-YYZ| 3083| A330-200 | 400 | 06:45 3770 209| 2.7 18]
20\12 [ CDG-JFK | 3152] B747-400 | 500 | 07:23 4000 154] 3.5 26
21\23 [ BKK-FRA | 4865 A340-500 | 500 10:51 | 14120 300 4.3 47
22\22 |HKG-LHR| 5204{B777-300ER| 500 11:49 7010| 152 3.9 46|
23\21 | SIN-FRA 5558| A380-800 | 500 11:57 | 12070] 302 3.3 40,
Notes

Load assumptions available on request
Manufacturers: A = Airbus, B = Boeing, E = Embraer, F = Fokker

II. DISCUSSION, PROGRESS IN YEAR 1, PLANS FOR YEAR 2

A. Discussion

Having discussed the key challenges which AOs face in the
context of effectively implementing DCI solutions, it is
instructive to briefly overview, as illustrative examples, the
cases of two airlines which are particularly advanced in their
use of this method: SAS and Air Canada. We will then
discuss the broader context of our results.

1) Summary of two airline case studies

SAS have two basic approaches to time-managed arrivals.
For long-haul, although repeated position update reports are
made through ACARS, the flight crew will inform operations
control if they judge that the Cost Index needs to be adjusted
to recover anticipated arrival delay, awaiting a response on
whether to do this or not. This dialogue also occurs through
ACARS.

SAS wishes to move more towards firmer rules for
decision-making, for example deciding when there is no net
financial benefit of recovering a specific aircraft’s delay, or of
holding a connecting flight. The carrier plans to incorporate
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the full use of the DCI concept by 2009, thus moving away
from the current practice of recovering all delays on short-
haul.

Short-haul experience has shown that when two ETAs are
produced, one based on the wheels-off time (ETA;) and a
subsequent estimate based on a position report some 10 or 15
minutes later (ETA;), then by integrating these with the flight
plan and meteorological data, both ETA; and ETA, produce
close, and robust, estimates of the actual arrival time (i.e.
continuous position reporting is not usually required on short-
haul). Furthermore, for these flights, SAS is able to integrate
these data in real-time with connecting aircraft and crew
rotation data, although currently (only) to define, as a first step
towards full DCI, the latest arrival time that has zero delay
cost. Approximately 10 minutes after the wheels-off message
is processed by operations control, an ACARS message is sent
to the aircraft with this latest, zero delay cost arrival time. As
a second step towards soon realising its DCI concept,
incremental fuel burn will be balanced with costs per minute
of arrival delay.

Air Canada used to carry additional fuel on those flights
where the potential missed connection cost was above a
common, fixed-dollar threshold, but recently decided not to
uplift extra fuel solely for the eventuality that a delay might
arise en route, due to sharp increases in fuel prices. Attempts
are still made to recover time solely using the fuel on board
whenever it is practical (i.e. using additional fuel which was
planned for other reasons, such as potential airborne holding
or weather), although sophisticated decision-making is still
undertaken prior to push-back.

Flights are operated using city-pair defined Cost Index
values and utilize the VSOPS'® feature within Lido OC to
determine when a flight may be planned at this (lower) Cost
Index value, or the default (higher) value at which the flight
was originally planned. This method sometimes allows
operations at lower speeds, thus conserving fuel, but operating
at higher Cost Index values when required, i.e. in order to
maintain schedule.

Other manipulations of Cost Index values are based on
whether the dispatcher proposes specific settings when the
airline’s custom-built software tool computes this to be cost
beneficial. This tool computes the costs of delays of
predetermined values (e.g. STA'” + 10 mins, STA + 20 mins)
which are then traded-off against increased fuel burn. These
costs include passenger and crew costs; both of these are
based on historical data. The passenger costs notably not only
include hard costs (such as hotel accommodation) but also
estimates of passenger loss of future value (‘goodwill’).
Marginal maintenance costs, based on the powerplant element
of ‘A’ Checks (which are determined by flight hours) are also
factored in. Air Canada wishes to devolve more decision-
making to the pilot (c.f. the SAS long-haul model), but
currently faces the task both of integrating their in-house

' Variable Speed Operations
'7 Scheduled Time of Arrival
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system with Lido OC, of sharing this information with the
cockpit (especially with respect to dynamically computing the
implications of using various Cost Index values),
obtaining reliable data on in-bound delays to build a better
network picture. The latter may be realised through Lido’s
flight-watch tool, ‘AeroView’.

2) Discussion of way forward — plans and challenges

The foregoing discussion can now be synthesised into a
detailed data architecture for DCI, describing which tasks are
to performed where, as shown in Figure 8. Notable in the
cockpit context is the role the pilot may play in future
decision-making, enabled by improved CI and (dynamic)
ACARS data, as also suggested by the SAS and Air Canada

case studies.
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Fig. 8. Detailed data architecture for DCI

Although Passenger Transfer Messages (PTMs; see top-
right of figure) were investigated as an earlier part of our
methodological investigations, it seems that these standard-
format, passenger-connectivity messages are usually sent too
late for the purposes of DCI. In Year 2, therefore, a high
priority will be set for further exploring better dynamic
passenger data in the Lufthansa case study context, despite the
discontinuation of Lufthansa Systems’ FACE (Future Airline
Core Environment) passenger management platform (see
section II.B).

The benefit of drawing on historical passenger data has
been clearly highlighted during our discussions with airlines,
as a necessary and invaluable complement to the dynamic
data. This is an important finding. In essence, historical data
can play an important role in helping to estimate dynamic
delay costs due to passenger missed connections. This is
partly due to the fact that repeated evolutions of delay
situations in the past can often be a better cost predictor than
partial dynamic data: the true connectivity picture is rarely
complete in the complex tactical context of an airline network.
Furthermore, static data are also required for estimation of
compensation costs, for example, as discussed in section
1.B.3, which must be based on AO-specific rule bases. Thus,
reflecting the practice of several airlines, it is envisaged that
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our passenger statistical (‘pax stat’) tool will incorporate static
data as well as interfacing with dynamic (GDS) data.

As represented by the revolving-arrow motif above the ‘pax
stat’ box, this tool would use data such as that held in the
database of Figure 3, to iterate the best DCI solution for a
given flight. As mentioned earlier, this often would not be
expected to resolve an optimised solution at zero delay, thus
possibly saving unnecessary fuel burn in many cases. Pre-
departure fuel uplift and other decision windows must clearly
be respected. As with the passenger statistical (‘pax stat’)
tool, whilst our emissions (‘ENV”’) tool would actually be part
of the DCI module within the flight planning suite, it is
elaborated in Figure 8 outside of this box to show its
particular additional data connectivities, in this case with
meteorological and operational (e.g. aircraft specification)
data.

Table 4 has shown that the scope for delay recovery on
short-haul routes is quite limited. Indeed, SAS expects that
flights of under 60 minutes should usually be flown with a
low CI. Recognising such limitations may save other carriers
significant fuel burn and emissions consequences.
Nevertheless, several airlines have identified that even smaller
delay recoveries can be worth the fuel penalty in terms of
increasing arrival predictability and the minimisation of
tactical disruption at the airport. It is clear, nonetheless, that
the greatest delay recovery opportunities lie with longer-hauls,
in addition to the ATM predictability benefits identified by
EUROCONROL (2005): “En-route speed control with
required time of arrival (RTA) could ... reduce variations in
arrival times on transatlantic flights, provided RTA is applied
well in advance”.

Closing on a practical ATC point, scope also remains for
clarifying the operational constraints of applying speed
adjustments, as touched upon in section [.B.1. Of particular
note here is the recent conclusion of an ICAO Sub-Group
meeting (ICAO, 2007a) regarding regulations pertaining to
allowed variations in TAS, saying it is:

... evident that there is a general lack of a common understanding as to
what the phrase, “Inadvertent Changes” means ... Both groups agreed
that a common understanding is critical in today’s operating
environment where reduced separation standards are being implemented
and that clarification is needed as to the true intent of this section. [...]
Many of the modern day aircraft are flying Fuel Cost Indexes, where
the Flight Management System automatically makes variations in speed
throughout the course of a flight.

B. Progress in Year 1

Whilst we have been able to make good progress defining
our methodology and system architecture, in addition to
significant development of the passenger database
requirements, maturing the passenger interface has been slow
due to the unforeseen discontinuation of Lufthansa Systems’
FACE (Future Airline Core Environment) passenger
management platform, on which we had planned to develop
our functionality. The extension of the project at this early
stage to include a number of other airlines has been seen as a
particularly progressive step (see also section IIT). Work on

the NO, framework, scheduled for Year 2, has been more
advanced than anticipated.

C. Plans for Year 2

The full design of the incorporation of NO, emissions into
the DCI framework is a task to be undertaken in Year 2 of the
project. Characterisation of NO, emissions will be consistent
with the en-route NO, charging model described. It will
maintain the flight-leg approach used for CO, and will take
into account the IPCC reporting methods for NO,. These use
a standard LTO cycle, then an aircraft-specific emission index
based on fuel consumption for cruise emissions (IPCC, 2006).
The framework will include the option for a weighting
function to reflect the dependence of impacts on the altitude of
emission, which will include lower altitude fuel burn
estimates. We may extend the functionality to incorporate
CO; uplift factors. APU emissions will not be modelled.
Modelling crew costs will proceed as planned, hopefully
drawing on practice from airlines invited to contribute to this
component.

We currently estimate that Year 2 actions and deliverables
will be one month later than planned in our proposal, with the
exception of the end-of-year deliverable.

In terms of changes to our original proposal for Year 2, we
propose to replace the inclusion of airport charges in the
framework with the significant additional maintenance costs
incurred, e.g. due to increased engine wear as a result of
delays and/or higher CI settings during delay recovery. This
has partly been prompted by AO request at the August 2007
DCI workshop, and partly due to new approaches to this
challenging computation which might now be more tractable.

Looking further ahead, to the possibility of Year 3 work,
potential exists for adding noise signatures into the framework
(e.g. with time of arrival and departure weightings) and other
air quality emissions (beyond NO,), again drawing on lower
altitude fuel burn models. Other options include modifying
airport landing charges according to certified LTO NO,
emissions. This is in use at some airports as an air quality
measure, but again it is uncertain whether providing
incentives to reduce low altitude NO, emissions would be an
effective way to reduce emissions at cruise. This could be
closely linked to re-including the airport charges in Year 3,
currently proposed to be dropped from Year 2.

III. KEY PUBLICATIONS, OUTPUTS AND MILESTONES

Technical Discussion Document 1.0, Scoping ‘hard’ passenger

delay costs to the AO 12 February 2007

Technical Meeting 1, Lufthansa Systems Aeronautics, Frankfurt 12-13 March 2007

Technical Meeting 2, University of Westminster, London 30 April 2007

Presentation of DCI concept at UK ATM Knowledge Network

Meeting, London 04 June 2007

Technical Discussion Document 2.0, Summary of emissions

15 June 2007
schemes

Technical Discussion Document 3.0, CI scenario route 23 August 2007
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proposals

Airline Dynamic Cost Indexing Workshop, Hotel NH Frankfurt

Rhein—Main, Frankfurt (Attended by: EUROCONTROL; Air
Canada, CSA, Emirates, Finnair, Lufthansa, Qantas, Qatar and
SAS)

28 August 2007

Dynamic Cost Indexing: paper in preparation for peer-reviewed November -

journal

December 2007
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MAMMI Phase2 — Design and Evaluation
Test Bed for Collaborative Practices on
En-Route Control Positions

Stéphane Vales, Stéphane Conversy, Jérome Lard, Claire Ollagnon

Abstract—The MAMMI project studies ways to improve the
collaboration between ATCOs on the same position, using
modern ATC concepts and tools, and explores new opportunities
for dynamic organizations and workload management. This
paper presents the problems considered by MAMMI and the
design and evaluation test-bed that will help progressively
introducing and evaluating new solutions, with the overall
objective to get relevant operational feedback.

Index Terms—multi-touch and multi-user interaction, mutual
activity awareness, tasks and workload sharing, tactic planner
dynamic organization, collaboration models for Air Traffic
Controllers

I. INTRODUCTION

HE MAMMI project started in June 2006 with the
objective of exploring how modern control positions
could benefit of:

e Improvements of the collaboration between En Route Air
Traffic Controllers working as team-mates, which has not
progressed, and sometimes has even decreased, on
modern digital systems with consequences on situation
awareness and efficiency in high workload situations,

e New organization patterns and roles for the ATCOs,
providing solutions to the limits reached by the
complexity management techniques consisting in
reducing the size of the sectors.

These objectives are motivated by several problems detailed
in this document, and they rely on the concept of Multi Actors
Man Machine Interfaces (MAMMI), proposed by
EUROCONTROL Experimental Centre. The MAMMI
concept is composed of three principles:

1. Several ATCOs to interact collaboratively on a single en
route position.

2. Real time tasks sharing and workload repartition.

3. Lesser specialization for the ATCOs.

Manuscript received September 15, 2007.
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To explore the MAMMI principles, the consortium of the
project has set up several research directions, feeding a
participatory and iterative process. This process involves
ATCOs and ATC experts from several European countries
and aims at providing semi-realistic prototypes suitable to get
a relevant feedback from operational users. The prototypes are
gathered in the MAMMI test-bed composed of two facets
dedicated to the design and to the evaluation of solutions. The
definition and the early implementation of this test-bed are
presented in this paper.

II. IMPORTANCE AND NATURE OF THE COLLABORATION
BETWEEN AIR TRAFFIC CONTROLLERS ON MODERN
OPERATIONAL SYSTEMS

The non-verbal communication has been shown to
represent up to 50% of the whole communication acts in a
highly cooperative activity such as En Route ATC [1].
Usually, non-verbal communication is done while seeing the
co-worker and/or the shared environment. For example,
physical co-presence enables co-workers to use multiple sorts
of gestures (deictic, passing, utterance-like) that improve
common understanding of the situation. Physical distance
between co-workers may not weaken performances in a
collaborative activity, but it leads them to engage in more
demanding communication acts [3], thus requiring additional
efforts in their activity. The supplemental work is done at the
expense of the main activity, which may be problematic in a
situation where work is complex and cognitive load is high.
Furthermore, knowing that the other knows as much as
oneself makes the interpretation of the other's intentions
easier, which in turns makes collaboration better [5], [2].
Multimodal communication involving speech and co-located
gestures is better at building mutual knowledge of sharing
than speech alone [6].

As teamwork was considered a major asset of previous
systems for both safety and efficiency, several questions are
raised about newer systems, which rely mainly on digitalized
and individualized tools. This section provides additional
elements to understand the stakes and issues around teamwork
and collaboration between ATCOs, toward safety and
efficiency.

A. Evolution of the airspace

According to the on-going traffic, sectors composing the En
Route airspace can be grouped or split so that the controllers
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A. Evolution of the airspace

According to the on-going traffic, sectors composing the En
Route airspace can be grouped or split so that the controllers
always have to manage a reasonable number of aircrafts. This
way to manage the complexity of the traffic is the most
commonly practiced at the moment. However, it is reaching a
limit in a sense where sectors become so small that aircrafts
cross new sectors every few minutes, implying an important
communication activity both between controllers and pilots
for frequency change, hello/goodbye messages, etc., and
between controllers from different sectors for more and more
coordination purposes.

If this direction is confirmed, the current model of always
smaller sectors controlled by a tactic and a planner controller
might reach its limits, even with efficient sector
grouping/splitting procedures. This shows the interest of
studying other organisations, especially regarding the roles of
tactic and planner ATCOs, and the way they collaborate.

B. Evolution of the control positions

On modern control positions, each controller is using
his/her own interaction means, consisting in a keyboard and a
mouse. The progressive disappearance of the paper strips
leads to a sort of “glass cockpit” effect imposing several
potential disadvantages to the ATCOs.

First, the control positions are designed for two separated
users, without any direct possibility to exchange information
or actively discuss on a shared support. This forces the
ATCOs either to work more independently, or to make efforts
to create a common context, most of the time only by voice, to
exchange analysis with their team-mate. The key concept of
mutual situation awareness is, by the way, only poorly
supported by the modern systems, either explicitly with
dedicated functions, or implicitly by natural usages that the
ATCOs might have built upon the basic functionalities.

Then, as each ATCO has his/her own tools (tactic and
planner have different configurations), the organisation is
rigidified by the system itself. The opportunities to delegate
tasks between tactic and planner are strongly conditioned by
the way the system has been designed. And as the systems
have not been designed with strong considerations about
collaboration, ATCOs have to cope with this rigidity in their
every day activity.

This provides elements indicating that adding new
functionalities dedicated to collaboration might not be
sufficient or relevant to provide a good collaboration. On the
one hand the number of functionalities on current systems is
already very high: the constraints on the training, the
efficiency and the saturation of the HMIs become a real stake
in this context. On the other hand, a proper introduction of this
kind of functionalities requires the evaluation of the impact on
the global design of the control tools offered by the control
position, and maybe also on the interaction means mandatory
to support the collaboration, in a way, for instance, a paper
strip board used to support it. This is linked to the frequently
observed situations where ATCOs under heavy workload,
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massively change their use of the modern digital tools and
abandon most of them to rely mainly on their short term
memory and cognitive resources. This presents the
requirements on the tools of the control position to provide an
extended flexibility for these situations and to integrate
seamlessly into the ATCOs’ cognitive processes.

C. More than two controllers on the same position?

The control positions are designed for two separated
controllers. However, interviews that have been conducted
since the beginning of the project on French ATCOs show
that during more than 50% of the time, more than two
controllers (generally three) are working on the same control
position at the same moment. The third controller can be there
either for training or to help managing the on-going traffic.
This simple fact reveals that thinking a control position for
two users only is limiting and does not really help the
efficiency or the collaboration, especially when the controllers
really need it, during (not so) unusual situations.

In the same way, having a third controller on a given
control position implies a new repartition of the roles
compared to the one foreseen for tactic and planner team-
mates. This suggests first a need for the control tools and
devices to support this new and dynamic organisation. Then,
even when only two ATCOs are on the position, it might be
possible to provide them with an additional flexibility they
could take advantage of.

D. Nature of the collaboration

Several studies [7], [8] have extensively explored the
cognitive mechanisms used by the ATCOs. They describe
how the ATCOs manage information, use their memory, and
how their cognitive workload evolves. In parallel, the training
received by the ATCOs includes rules and principles for the
collaboration between tactic and planner, and with other
sectors, based on the tools available on a control position.

However, only few studies focus on the real-time
collaboration between En Route ATCOs. And when they do,
the associated recommendations are based either on the
modification of the practices or on the evaluation of specific
functionalities (new or not) without an objective of designing
a homogenous set of tools that would really be collaboration-
oriented.

The first consequence is that, based on these studies, it is
particularly difficult to get a global vision of the collaboration
between En Route controllers. The actual practices of the
controllers and the way they use their system to collaborate
has been barely described, because they are hard to capture,
especially when they have not been foreseen by the system
designers initially. Output from a recently launched study of
EUROCONTROL could provide interesting information on
this topic (TRS T07/11041SA “Team Coordination study” to
be started on 7/1/7).

The second consequence is that on a system that is neither
collaboration-centred, nor designed to enable some flexibility,
the ATCOs have to circumvent the limits of the system, by
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imagining solutions on their own. This phenomenon is not the
sign of a non-adapted system but it authorises to think that a
collaboration-friendly system, imagined from the beginning to
facilitate collaboration, could enable to take advantage of both
modern (with real added value) and old (with flexibility and
good situation awareness) systems.

These considerations raise the need to explore the
collaboration between ATCOs on the same position under a
new scope, oriented on real-time operations and with a more
global approach including all facets of the control activity, in
order to provide first a relevant analysis and then adapted
design solutions. This challenge requires an adapted strategy,
inline with the resources of the MAMMI project and the
current state of the art for the collaborative practices. This
strategy is presented in the next part.

III. A TEST-BED FOR THE DESIGN AND THE EVALUATION

The MAMMI test-bed is the global result of the first year of
the project. It puts together the technological, software and
HMI resources to create a couple of frameworks suitable to
experiment and evaluate the MAMMI principles and
solutions. This chapter presents the first version of the test-bed
composed of:

e The design framework which enables to produce and
expose design solutions to the ATCOs and ATC experts.
It provides the necessary components to iteratively
compose an innovative control position oriented toward
the collaboration between ATCOs around the MAMMI
principles.

e The evaluation framework which enables to run the
design solutions in a semi-realistic context, based on
recorded traffic to put the ATCOs in almost operational
conditions so that they can provide an accurate feedback.

A. Why a test-bed approach?

The previous chapter shows the difficulty to find recent
exploitation data for the collaborative practices between
ATCOs in the different European control centres. The
MAMMI project might not have sufficient resources to
generate these data. To cope with this constraint while
producing relevant solutions, the MAMMI partners have
chosen a participative and iterative methodology, supported
by rapid prototyping techniques. This means that the design
process is animated by a continuous involvement of the end-
users, i.e. the ATCOs. They are involved in the production of
solutions and in their almost immediate evaluation. This
requires an environment that is modular and reactive enough
to support this flexibility.

The MAMMI test-bed enables to introduce and evaluate
progressively the different facets of the foreseen collaborative
control position, without waiting for a complete set to be
available and avoiding any long break in the participation of
the ATCOs.

All the efforts engaged in this first half of the project were
to design this test-bed which is meant to become the major
asset for the final success of the project and the evaluation

phases.

B. The design framework

At this stage of the project, the design framework serves as
a proof of concept providing a first set of components paving
the way to a more complete control position. These first
components have been imagined based upon interviews and
design sessions with the ATCOs and ATC experts. They
provide basic concepts for the collaboration and raise
questions to be answered later on in the project with
experimentations where they will be used by ATCOs facing
recorded Air Traffic, as explained in 0.

1) High level organization of the position

Fig. 1. A potential MAMMI position
The hardware arrangement foreseen for a MAMMI control
position is the following:

e Two radar displays are presented vertically on the
position. They serve as a reference view of the traffic
situation and are dedicated to information visualisation
rather than data input. Each display can be configured
separately to fit the needs of the ATCO using it.

e A horizontal shared surface is placed below the radar
displays. It centralises the input means on the control
position, provides all the control tools and enables to
setup the radar displays. This shared surface can be used
by more than two ATCOs if needed.

This hardware configuration is taken as a base for our
design solutions. It will evolve in the next years according to
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the needs and functionalities that will be considered.

2) Flights representation and life cycle

The first concept to define on a control position is the way
the flight data are represented and managed. We propose here
that each flight is represented by a label, which serves as an
entry point for the access to information and some
functionality. The labels appear in a printer and are destroyed
when dropped onto a shoot box. This set of interactions based
on direct manipulation and supported by an advanced graphic
design, has been proved [9], [10] to be specifically adapted to
the collaboration between ATCOs.

Fig. 2. A label

Fig. 3. The printer

Fig. 4. The shoot box

The labels are moved when a user presses their left part
with his/her finger and moves it.

The labels offer an extended view, which could be qualified
as a ‘strip view’, enabling to show the route of the represented
flight. The switch between the standard view and the strip
view is achieved with a two fingers interaction or by placing
the label on specific areas as explained here below.

AF0123

300 pyi  kemex  skwu | korow | MERUE | pemur 40
290 29 32 35 37 38 15
180

A320

LFPN  LFMH

Fig. 5. The strip view for a label
The labels can also be rotated with a two fingers

interaction. This enables an ATCO to catch the attention of
his/her team-mate on specific flights with minimum effort.

EUROCONTROL Innovative Research Workshop 2007

Fig. 6. A rotated label

ATCOs can also take into account a flight explicitly. This is
a reproduction of a classical and fundamental action used on
paper strips to indicate to the team-mate that the flight is
acknowledged and that the context it brings with it is correctly
understood.

Finally, we propose to select the labels with the effect of
giving feedback of this selection on the radar display, by
highlighting the flight and display its route. A selection by a
given user will be displayed on his/her display. If a user
selects several flights at the same time (through multi-fingers
interaction), these flights are all highlighted on the radar
display.

QuickTime™ et un
décompresseur TIFF (non compressé)
sont requis pour visionner cette image.

Fig. 7. Labels with different feedbacks

The representation of the flights and the way they can be
manipulated and highlighted are key factors for the
construction of mutual situation awareness on the control
position. The direct manipulation with fingers is much more
easily perceived by team-mates than manipulations with a
keyboard and a mouse.

The natural capability to organize the labels on the
horizontal surface enables a natural share of the surface
between private spaces for each controller and common
spaces used for exchanges. The usual life cycle of the labels
can thus be easily reproduced and even extended.

The way the ATCO will be able to use all the possibilities
of the manipulation, of the orientation and the different
highlighters to create their own language and communicate
one with the others will be a major part of the MAMMI
results.

3) Writing pad and columns for the underlying
organisation

The organisation of the labels over the shared surface can
be supported in different manners. The first one we propose
here is a writing pad filling the background of the surface.
This writing pad provides static information and is not meant
to be interactive, just like a physical writing pad, laying on a
desktop, can be. Several writing pads have already been
considered:

e  Geographical, representing a sector, its boundaries and its
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beacons. It enables to organise the labels with a
geographical approach, easily indicating for instance
conflicts areas and entry points for the flights.

e  Workflow, representing different areas associated to a
state of the flight. It is close to the use of existing paper
strip boards with richer possibilities like an adaptation of
the visualisation (standard vs. ‘strip view’) according to
the position of the labels.

e Terminal sectors, to organise the flight according to their
Flight Level, as shown, for instance, in the ASTER
prototype from DSNA/DTI/R&D.

The second element for the organisation is the mobile
column. This can be seen as a mobile container suitable to
move or manage several labels at the same time. Depending
on the writing pad, it could be used for instance to create
stacks or to sort the flights by routes, flows, etc.

Fig. 8. A column with three labels
In this approach for the organization, we provide the

ATCOs with an important flexibility, sustained by a given

writing pad giving the global framework. The test-bed will

enable the following observations:

e Evaluation and creation of new writing pads which will
also provide interesting information on how the ATCOs
organise their workspace when they are free to do so,
even dynamically.

e Use of columns for a more personalised, individual and
quick organisation. The meanings associated to the
columns will also enable to express and experiment the
classification techniques used by the ATCOs, especially
in a collaborative context.

4) Clearances, modifications, tools and concept of
association
Beyond the organisation of the flights, ATCOs also need to
input data or use advanced tools to improve their perception
and their analysis of the on-going traffic. Our initial
proposition consists in two components:

e The input tool, enabling to operate clearances,
modifications, coordinations, etc. to a specific (set of)
flight(s). This tool is available within each label and
independently (see below).

e The multi-flight tool, enabling to access advanced
functionalities related to several flights. At the moment
and as a proof of concept, we propose only a separation
tool, which provides a representation to detect if several
flights are conflicting and when.

The proposed way to summon these tools is explained here
below.

To trigger the functions brought by the input tool and the
multiflight tool on specific flights, we introduced the
interaction of association: the left part of each label and the
writing pad enable to draw curves when a user moves his/her
finger on the interactive surface. This enables to create visual
links between the different objects like labels and tools. A link
between several labels and a tool will be interpreted as a call
of the functionality provided by the tool on the concerned
labels. This will initialise the tool with the appropriate
parameters to be executed.
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Fig. 9. The input tool integrated with a label

The interaction of association has already been refined to be
robust to the crossing of unwanted objects (through a “short
break” algorithm) and to be efficient in a multi-user context
with each user having his/her own space.

The main objective of the interaction of association is to
give a quick and flexible way to associate objects without
needing to move them, knowing that the place of each object
is already conditioned by other aspects (classifications,
workflows, etc.).

= AF0l2z 0 2
— A320 290
L ien Liwi 180 =R,

*
-
]
..
7/, in @ 3 O
_ ‘{< in dlmmutes D>\.> +
N\ at 3.15 pm 7

Fig. 10. The multi-flight tool associated with two labels

The global frame defined for the tools gives a large set of
opportunities to integrate functionalities proposed by existing
systems. Coupled to the capacity to summon and hide tools
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easily so that the ATCOs always have the right set of tools,

this will enable:

e to establish what these set of tools are in the different
situations

e to extend the set of tools with potentially missing
functionalities

e to minimise the redundancy of
functionalities on the control position

The interaction of association will also serve as a base for a
graphical language whose first extensions are presented later
in this paper. The objective upon this idea is to enable the
construction of a real language to be used by the ATCOs to
compose kinds of sentences corresponding to the tasks they
have to achieve. In this perspective, we will try to add a new
dimension to the use of ATC tools that is completely missing
in existing systems and we would stay compatible with our
collaborative context (composition of sentences between
several ATCOs).

5) Dynamic invocation pattern

In addition to representations of flights and the tools,
ATCOs need to memorise specific information, create
notifications (warnings, etc.), apply functions and specific
clearances (shoot, direct, change frequency, etc.), all this for a
certain number of flights. To study these possibilities, we
propose to add a new type of objects called invokers. The
invokers are created by gesture recognition on the writing pad.
According to the recognized gesture the proper invoker is
created.

Then, the invoker can be moved on the interactive surface
like any other object. Placed in proximity of other objects and
the interpretation by the ATCOs, it can modify its meaning.
For instance, a warning invoker placed nearby two flights can
indicate a conflict between these two flights, whereas placed
over a precise area on the geographical writing pad, it can
indicate a thunderstorm.

information and

Fig. 11. The three states of the warning invoker
The invokers are compatible with the interaction of
association. According to the type of invoker, an association
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can mean an actual association or can be interpreted by the
system to trigger functions. For instance, a warning invoker
associated with two labels will indicate that the warning
concerns the two flights represented by the labels. A shoot
invoker associated with two labels will send the two labels
automatically in the shoot box.

Specific gestures over the writing pad are also used to
summon the tools. An interesting point is that the size of the
gesture enables to determine the desired size for the tool and
the origin of the gesture indicates the position of the tool.

The concept of invoker is the less mature at the moment.
This is mainly due to the complexity in the definition and the
consistent integration of the different types of invokers,
balanced with the definition of tools to avoid any overlap.
However, the example of the warning invoker has caught the
interest of the ATCOs with a set of actions they achieve
frequently on the flights (e.g. force the heading of a flight, set
a direct route, change the frequency, etc.). Representing these
actions by invokers could significantly lighten some of their
most frequent tasks.

6) Time management and notifications

Helping the controllers to anticipate and organise their
activity is one of the major stakes of every control position. In
our design, we had also to consider all the collaborative
aspects and the already introduced concepts. This led us to the
concept of scheduler. It is based on a horizontal timeline
showing from 0 (now) to several minutes in the future. The
length of the timeline can be adjusted.

The scheduler is designed to manage entries that are placed
with a chosen duration in the future. The entries then move
automatically to the present time. The insertion of a new entry
in the scheduler is achieved with the interaction of association.
The ATCOs can create an association of several objects and
include the scheduler in this association. When the association
is completed, a popup is displayed below the scheduler to
select duration. When the duration is chosen, the entry is
placed accordingly in the timeline. When the time is up for a
given entry, a popup is displayed, remembering the list of
objects (names or callsigns depending on their type) initially
associated to the entry. The ATCOs have the possibility to
highlight these objects for a quicker perception.

The associations between the scheduler and other tools may
also have a signification. For instance, an association between
our multi-flight tool and the scheduler will pre-configure
automatically the duration for the entry with the extrapolation
time used on the multi-flight tool and the labels used in the
tool will be recalled when the entry runs out of time. An entry
can be moved or removed by direct manipulation on the
timeline even after its creation.

The scheduler has been designed to be extremely flexible
both toward its integration with the other concepts and its use
by several ATCOs at the same time. With this flexibility, it
should enable to observe and provide solutions for the time
management on a control position.
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Fig. 12. The scheduler with several entries and a popup

The consistency between the scheduler and the other
objects will also enable to position the time management in
the panorama of the different concepts and to show the
interactions between the time and these concepts to get an
accurate design.

7) Perspectives for the ATC usages and the design

On the ATC side, the design framework aims at providing
all the mandatory elements to explore the three MAMMI
principles presented here above:

e More than 2 ATCOs - the tools and interaction concepts
as they have been designed are usable by several users at
the same time without any consideration on the number of
users. All the objects are all movable to configure the
shared workspace easily, even with the possibility to
distinguish different areas.

e Dynamic workload repartition - upon the natural
flexibility of the tools, which is a mandatory feature
providing real opportunities for a dynamic distribution of
the activity, the introduction of a shared scheduler will
enable, to evaluate more explicitly the anticipation and
the delegation of the different tasks completed by the
ATCO:s.

e Lesser specialisation - the list of provided tools comes
from an analysis of the current activity with a tactic and a
planner controller. However, the proposed tools and
solutions do not make a difference between these roles.
This will enable any ATCO to potentially use any tool at
any time, providing a flexible framework to explore a
lesser specialization of the roles.

On the HMI side, in addition to the design perspectives
mentioned above, the project will need to focus on the
following directions:

e The organisation of the labels on the workspace will
certainly need to be assisted to improve the comfort of the
ATCOs. This issue will be explored by the introduction
of new objects like magnetic lines or auto-arrangement
invokers applicable to selections of labels. These objects
will be prototyped in the next six months.

e The feedback and the progression of actions, defined as a
requirement, need also to be included carefully, once the
concepts for the inputs are well defined. Especially, it will
consist in an enrichment of the input tool.

o The preparation of actions (particularly clearances) will
also be introduced to explore the possibilities of
delegations and anticipations. These concepts will be

linked with the use of the scheduler.

C. The evaluation framework

The evaluation framework aims at enabling an efficient and
relevant feedback from the ATCOs regarding the proposed
design solutions, progressively forming a collaborative control
position. To get this feedback, the evaluation framework relies
on two main achievements:

e The simulation requires setting up semi-realistic traffic
scenarios, so that the ATCOs can be put in a situation
where the solutions can actually be tested. And these
scenarios have to be supported by instrumented replay
tools that support dynamic changes.

e The experimentation of the design solutions is also
considered. This experimentation will be based on the
traffic scenarios but will also include the collaboration
models. As stated previously, these models aim at
providing tracks for the design but also at assessing the
benefits of our solutions regarding the way the workforce
is spent and the opportunities to parallelize the tasks.

1) Simulated control environment

The MAMMI test-bed includes a reference radar display.
This radar display application is adapted from previous
achievements at DSNA/DTI/R&D (former Centre d’Etudes de
la Navigation Aérienne) dedicated to the experimentations
with ATCOs. It is also used in the on-going ERASMUS
project led by Eurocontrol.

The radar display and the MAMMI software are powered
by an application, also provided by DSNA/DTI/R&D and
supporting the ASTERIX format to replay real recorded
traffic, in accordance with the sectors to be managed by
ATCOs in the chosen scenarios and showed on the radar
display.

The gathering of two radar displays, the MAMMI software
prototypes and the replay application forms an experimental
control position that is suitable for our evaluation and
experimentation sessions with operational ATCOs, based on
semi-realistic traffic situations.

2) Instrumentation of the simulated environment

All the technical aspects of the evaluation framework are
already working. The second step is to set up the theoretical
and experimental background for the observations themselves.
This will be achieved by the end of 2007, in parallel of the
completion of the design.

3) Definition of the traffic scenarios

The MAMMI objectives include the assessment of the
MAMMI benefits compared to existing solutions. They
include also the evaluation of different principles and
configurations (roles, number of ATCOs, etc.). This
variability requires the definition of traffic scenarios that are
large and complete enough to enable comparisons between the
different configurations.
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Fig. 13. The radr display

We might for example consider scenarios involving three
sectors that could be grouped or even merged. The scenarios
will also have to provide a sufficient and representative
number of situations including conflicts, inter-sector
coordinations, etc. Operational ATCOs and ATC experts
already participating to the project are involved in the
definition of the scenarios and the selection of the traffic to be
replayed.

4) Evolution of the collaboration models

The evaluation framework will first contribute to extend
and finalize the collaboration models —that are not presented
in this paper as they are not fundamental to expose our current
work-, following the evolutions of the design and the
adaptations to the different traffic scenarios. Once they are
ready, they will be integrated in an experimentation protocol
for a more complete assessment, addressing some quantitative
aspects. The collaboration models will be the key elements to
be used for the analysis different tested solutions.

5) Emergence of solutions and formal validation

The evaluation framework is used as a hybrid. It first
informs the designers on the usages of the ATCOs facing the
traffic scenarios. The designers include the results of these
(basic) experimentations to improve the design from an HMI
point of view (quality of the interaction, of the presented
information, etc.) and to refine the MAMMI concepts by a
cross analysis of the different configurations.

Then, in the last phases of the project, the Human Factors
specialists will define a test protocol. This protocol will rely
on the collaboration models and will define objective and
(some) quantitative variables to conclude, as much as possible
according to the resources of the project, on the benefits
brought by the MAMMI principles.

IV. CONCLUSION

Previous studies on collaborative practices between ATCOs
on paper-based or older environments show the importance
and the interest to understand the collaborative behaviours on
current operational positions. In parallel, the natural evolution
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of the air traffic system shows an arising need to imagine new
organisations for the ATCOs to provide alternatives to the
reduction of the sectors sizes.

The MAMMI principles proposed by the EUROCONTROL
Experimental Centre aim at leading the study in these
directions through the use of multi-user and multi-touch
surfaces that are relevant, although still experimental,
technologies. The novelty of the technologies and the
solutions they enable, combined with a relative lack of studies
on current collaborative practices used on operational control
positions justify an adapted strategy around a test-bed
providing means for the implementation and the evaluation of
features that enable to reintroduce collaboration-oriented
solutions on fully digital air traffic control environments.

The MAMMI project is currently focused on the production
and refinement of innovative solutions. The design presented
in this paper is the result of 14 months of work, started from
scratch in June 2006, knowing that MAMMI is the very first
project exploring global collaborative solutions for the air
traffic control positions on such hardware as shared surfaces.
A new version of the MAMMI test-bed will be achieved until
December 2007 and demonstrated at the 6th
EUROCONTROL INO Workshop. This version will include
the first feedback and comments from the operational ATCOs
involved in the project, based on simple traffic scenarios. And
this version will also be tested by these ATCOs to engage the
next design iteration.

The evaluation side of the test bed is necessarily less
advanced as it relies on the design framework to make
progress. Moreover, it requires a functional enough position to
enable relevant tests with ATCOs. The evaluation framework
will be operational for the first time in the December version
of the test-bed. After that, the iterations and exchanges
between design and evaluation will become quicker and will
thus enable a faster convergence to the objectives of the
project.
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3D-1n-2D Displays for ATC
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Abstract—This paper reports on the efforts and accomplishments
of the 3D-in-2D Displays for ATC project at the end of Year 1.
We describe the invention of 10 novel 3D/2D visualisations that
were mostly implemented in the Augmented Reality ARToolkit.
These prototype implementations of visualisation and interaction
elements can be viewed on the accompanying video. We have
identified six candidate design concepts which we will further
research and develop. These designs correspond with the early
feasibility studies stage of maturity as defined by the NASA
Technology Readiness Level framework. We developed the
Combination Display Framework from a review of the literature,
and used it for analysing display designs in terms of display
technique used and how they are combined. The insights we
gained from this framework then guided our inventions and the
human-centered innovation process we use to iteratively invent.
Our designs are based on an understanding of user work
practices. We also developed a simple ATC simulator that we
used for rapid experimentation and evaluation of design ideas.
We expect that if this project continues, the effort in Year 2 and 3
will be focus on maturing the concepts and employment in a
operational laboratory settings .

Index Terms—3D-in-2D displays, human-centered innovation,
ARToolkit, innovation in visualisation.

I. INTRODUCTION

HIS document reports on our achievements in Year 1 of
the  3D-in-2D  Display  project, funded by
EUROCONTROL under the INO CARE III Innovation
Research programme. The key outcome of the project this
year was the invention of 10 3D/2D display concepts, which
for expediency reasons, were mostly implemented in the
Augmented Reality ARToolkit. This AR technology allowed
us to quickly explore the design space and modify the designs
in a rapid and iterative creative cycle, where ideas often
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spurred the generation of other ideas. These design concepts
should be considered as elements that will be combined into a
more comprehensive solution when the concepts become more
mature. Some of these 10 concepts have been distilled into six
candidate concepts for further development and evaluation in
Year 2. These six concepts are reported here and may also be
viewed in the video clips on accompanying CD and DVD.

In addition, we also developed a Combination Display
Framework that allowed us to consider the different designs in
terms of the display technique used, and the manner in which
they are combined. This proved to be a very useful initial
outcome that enabled us to understand the capabilities of a
design that arose from the interactions between the way
information is rendered and the mechanisms used to
manipulate and control what is viewed. Another enabling
technology developed this year is the Simple ATC Simulator,
which we developed for use as a air traffic control test bed for
experimentation and design evaluation. For the needs of
creative invention, speed and quick turn-around from a static
paper design to a rudimentary animation of the design, was
essential to the maturing of the design concepts. Finally, we
devised an iterative and creative invention process needed to
support the rapid yet systematic generation of novel display
concepts. We called this the Human-Centred Innovation
Process. It is based on the principle that technological
innovation need to be informed by an understanding of human
work practices in a way that allows us to design technologies
for the future that will not only work, but more importantly,
works well for the user.

One key factor that arose in all our discussions was about
the maturity of the concepts. We are of the view that our
display concepts are at the very early stages of development
that correspond with Level 1 and 2 of the NASA 9-point
Technology Readiness Level framework. TRL 1 and 2 refer to
blue-skies ideas and feasibility studies level of readiness. The
technology is many years away from market, while a readiness
level of TRL 8 and 9 indicates that the technology is
deployable, i.e. “mission qualified” and “mission proven”. We
expect that the innovations we have researched will have a 15-
20 year deployment timeframe, as some of the 2D-based
operational concepts can take that time to change.

A. Background to the project

The 3D-in-2D Display ideas developed out innovations we
developed during an earlier FP6 project, “AD4 Virtual
Airspace Management”. At the end of the project, in 2007,
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further funding was obtain from EUROCONTROL’s
Innovation Research Area to devise effective ways of
combining 3D and 2D views of air traffic (i) allowing the
controller to benefit from the mutual capabilities of the two
displays; and (ii) minimizing the effort when moving from one
view to the other.

B. Motivation: Rationale for Combining 3D with 2D

Various projects have been initiated to develop 3D
visualization systems for ATC: stereoscopic visualization
systems using device such as goggles and head mounted
displays [1], perspective based visualization systems such as
the AD4 Virtual Air Traffic Management project [2], where
one looks in the scene, rather than being immersed into it.
These systems are complete 3D virtual reality representations
of entire airspaces under control. If there is a need to see a
plan view, the controller has to either (i) switch viewing to
another 2D planar display, or (ii) re-configure the 3D display
by moving the camera position, to access a top down plan
view of traffic.

The motivation for such projects has been to create 3D
depictions to minimize the interpretative efforts needed to
create a mental model of the situation. Standard 2D radar does
not show the third dimensions thus controllers have interpret
from alphanumerical digits and to hold in their mind
information on the vertical plane. This result in a very
demanding cognitive tasks since controllers have continuously
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construct and update a 3D mental picture made of 3D traffic
locations and 3D restricted volumes, such as terrain, weather,
wake vortices, positions and geometry. An extensive review
of the advantages and disadvantages between 3D and 2D has
been reported elsewhere [3] and are summarised in Table 1.

Through our review of the literature, we have found that 3D
displays are better for supporting integrated attention tasks.
These are tasks requiring the integration of information across
three dimensions, such as understanding the volumetric shape
of a complex weather front, and instructing an aircraft to
descend and turn to intercept the localizer. This cannot be
done easily or well in 2D. However, 2D is better for focused
attention tasks, such as estimating expected horizontal
separation for two converging aircraft.

This situation lead some authors [4-6] to propose to use 3D
in combination with the more traditional 2D display since
“...the complex demand of many realistic tasks might requires
both types of views at different point in time” [5]. However,
based on our previous cognitive task analysis and field studies
of air traffic controllers work, we wish to do better than to
make minor advances that would sill require the display of
different 3D and 2D views in a side-by-side configuration. We
hope to invent novel visualisations that combine 3D and 2D in
a way that compensates the shortcomings of the two display
techniques, while collectively exploiting their complementary
potential.

TABLE 1
RELATIVE ADVANTAGES AND DRAWBACKS OF 2D AND 3D DISPLAY (ROZZI ET AL., 2007)

shape understanding — tasks [7-9];
traffic and terrain, effective training tool [11];

Supports  effective
maneuvering on the vertical plane [12];

intended by controller [13]

Display type | Advantages (+) Drawbacks (-)

2D Display Global traffic picture always available Do not represent spatially altitude information, and
Supports correct distance estimation, focused | TCIWIreS the cqntroller to read and .mtgrpret
attention tasks [7-9]; alphanumerical altitude data to produce and maintain 3D

] ’ ) picture
Supports improved performances for visual search . . .
tasks [10] Suffers from cluttering. Overlapping labels and blips
difficult to read

Easy to orient. User maintain easily orientation
awareness (Rozzi 2006)
Navigation and Selection are easy to achieve

3D Display Supports Superior performance for integrated - | Hampered distance estimation performances due to

Supports development of accurate mental model of
decision making for

Supports at glace assessment of consistency of
implemented maneuver with the original one as

perspective distortion effects [11];

Not possible to oversee global traffic/global sector out
of camera view [14];

a/c | Traffics at the far end of the scene difficult to locate,

due to decrease in resolution [15];

Navigation and selection difficult, user can get lost
when moving the camera

I. THE COMBINATION DISPLAY FRAMEWORK

The Combination Display is a two-way classification
scheme for helping us understand the differences
between different yet similar combinations 3D and 2D

representations, and the basis for their combinations. It is
an early outcome from the research, and is based on a
review of about 100 papers describing innovative
visualizations in ATC, Command and Control, Medical,
Geographic, Engineering and Flow imaging.

This two-way Framework enables us to correlate a
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display technique such as zooming and distorting how the
information is rendered; to a display format such as placing
the rendered information side-by-side with a 2D
representation of the same information, in ways that might
make sense to an ATC controller.

Besides enabling enables us to identify gaps in the
literature, the Combination Framework helped us
understand the different classes of display that arise from
the many possible combinations of display techniques and
formats. It also enabled us to identify potential
opportunities for further combinations. The Combination

Display Framework is presented in Table 2. In relevant
cells, we have included some examples of visualisations
found in the literature. The Framework as shown in Table 2
also suggests that there are many other possible
combinations where designs have yet to be or can be
invented. We will next briefly describe the two dimensions
of the Framework. For a more detailed discussion, readers
are referred to our earlier report D1.1 Innovation and
Consolidation Report.

DISPLAY FORMAT

DISPLAY

2D/3D Combination Displays

TECHNIQUE Strict 3D Side By side

Multiview 2D/3D Exo-Vis In Place

Uncorrelated view
(no technique)

St. John (‘01)

3D in 2D symbols

Smallman (‘01)

Focus + Context Techniques

Multiwindows EC-Lin AR (‘06) PiP Display, AD4
(‘06)
Rapid Zooming Ellis (‘87)
Azuma (°96)
Brown (‘94)
Eddy et. Al (‘99)
Distortion Distortion Display,
AD4 (‘06)

Overview Plus detail

Alexander &
Wickens (‘03)

Filtering EC-Lin VR (‘05) Azuma (‘00) Tlog Display Lens Display, AD4
(‘06)
Multiple Coordinated | EC-Lin VR (‘05) Azuma (‘00) Ilog Display
Views Furtsenau (‘06)
D3, AD4 (°06)
TABLE 2

COMBINATION DISPLAY FRAMEWORK [ROZZI ET AL.3]

A. Display Format

Across the table, the Display Format dimension classifies
how 3D and 2D visualisations have or have not been
combined. In our reviews, we observe a category of
displays that represent the ATC situation is rendered only
in 3D, although some offered in combination with different
display techniques such as zooming or filtering. The next
broad cateogy represents different variations of combining
3D and 2D views. These combined views are the Side-by-
side, the Multiview, the Exo-Vis and the In Place views.

The Side by side combination places a 3D view in a
different display or monitor beside the screen with the 2D
view. In such a combination the controller has to shift his
attention significantly across to the other display and to
then correlate the identities of the aircraft in the two
screens. In a Multiview display, 3D and 2D appear on

different views such as within an overlapping window, but
on the same monitor. The user does not have to move his
sight across different displays and it is possible to link an
object of interest in one view, to the same object in other
view (ILOG). The Exo-Vis is a class of displays where 3D
appears at the centre of the display and from it detailed
views are extracted in the form of subvolumes, where 3D
or 2D slices are extracted and translated with respect to the
original position. In the In-Place view, the 3D visualisation
appears in the same frame of reference as 2D, and also
replaces the 2D view with the 3D representation. It
therefore does not require the user to move from one view
to the other. For example the in the AD4 project, we
developed a Distortion display. The software developed can
be used to turn any selected area of the 2D radar into a 3D
space by rotating such area towards the observer, and
distorting at the same time the space between the 3D and
the surrounding 2D in order to ensure visual continuity.
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B. Display Technique

Down the side of the Combination Framework is the
Display Techniques dimension which classifies how the 3D
and 2D information are rendered. The display techniques
include the straightforward rendering of the air traffic
situation in 3D. A second approach is to encapsulate 3D
information into 2D symbols. In this way 3D information is
available at glance and within in the same frame of
reference of the 2D information. Such approach has been
developed by Smallman and colleagues [10, 16] who
found that in visual search tasks for aircraft altitude,
heading, and attitude, the use of symbolic 3D information
in a 2D display supported faster identification than 3D
iconic information in 3D display. The next category of
display techniques is referred to as Focus+Context, or F+C
techniques. Developed in the field of information
visualization to enable a viewer to view in detail
information of interest while maintaining the context of that
information in sight.

Such a situation exists also in ATC where controllers often

need to examine in detail a local tactical problem, reasoning
about it in 3D, while needing to know at a glance, what has
changed in the global traffic situation which is often
presented in 2D. Having the ability to focus on details of
interest while also having the context of the situation in
sight is vital in maintaining an overall situation awareness
that is essential to safety and traffic efficiency.

Simplest among the F+C display techniques is what we
call the multi windows technique. Contextual or overview
information appears in one large window and expanded
details are available in related smaller windows [17, 18].
Unfortunately, in this technique the smaller detailed
information window often obscures the information
underneath it. The rapid zooming technique enables a user
to rapidly zoom in and out between a detailed view and a
global view of the traffic situation [17, 18]. Distortion
techniques have been used in 2D information visualisations
to magnify relevant data and suppress details in order to see
context. This is demonstrated by the Fish Eye lens
technique [19]. The overall-plus-detail technique provides a
magnified detail view close to the global view. A marker
signals which part is magnified in the separate detail view,
so that the user can correlate between the two views. The
filtering technique allows us to show additional information
in the focus view by filtering or modifying the way that the
focus data is presented [20-22]. Modification can be
achieve, for instance, by enlarging data of interest, by
adding additional information , such as by showing hidden
details, or distinguishing them, and by suppressing
distracting information. A typical example of this technique
is the London Underground map proposed by Leung &
Apperley [23]. The F+C techniques reported earlier exploit
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the spatial properties the display design in order to enable
the user to achieve insight with large volumes of data. An
alternative is to link and coordinate interaction and
information across Multiple Coordinated Views. This
approach couples actions carried out in one view with
actions in another. These actions include selection and
navigation [24] [25], enabling

Selection <> Selection;

Navigation <> Navigation; and

Selection <> Navigation.

C. Using the Combination Display Framework to identify
Opportunities for Innovation

We used the Combination Display Framework to: (i)
identify gaps and opportunities for innovation in the
spectrum of possible combinations. For example no ATC
work has been found in the Exo-Vis  stream of
visualization; (ii) understand the differences between
displays and how we can exploit them, (iii) choose among
the array of techniques that could be implemented
individually or combined with others to create new
representation formats; (iv) Understand how our designs
compare and therefore avoid replicating the work of others.

II. THE INNOVATIVE CONCEPTS

We used the Combination Display Framework together
with our human-centred innovation approach (to be
described in detail later) to create new ideas. 10 readily
identifiable novel concepts were developed during Year 1,
and have since been distilled to the six key candidate
concepts reported here. It should be noted again that these
candidate concepts are features and elements, intended to
be used in further combination to form a solution. They
should not be seen as stand-alone controller’s tools or
systems. Due to space constraints, readers are referred to
report D1.2 Innovative Concepts and their Design
Rationale for a complete description of each of the concepts
and their design rationale. Note that a video recording of
the 6 concepts has been produced on CD or DVD to
accompany this report. These videos demonstrate the
interactivity and the dynamic visualisation that are essential
for appreciating the capability of these designs. These
concepts are: (i) AR in your hand, (i) AR magnifying
glass, (iii) AR 3D Wall View for Stack Management, (iv)
AR 3D Wall View of Approach Control, (v) Skyscraper
and Symbicons, and the (vi) Table Top Display. For
reasons of expediency, the concepts were mostly
implemented with the Augmented Reality AR Toolkit.
Figure 1 maps the development of the different concepts.
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Figure 1. Year 1 development path of the 3D-in-2D concepts

A. AR in Your Hand

The AR ((Augmented Reality) in your hand concept
allows a controller to use his or her hand to select a portion
of the 2D radar screen, and then have the 3D (or other
view) appear in the palm of his or her hand.
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Figure 2. Early sketches shows selecting AR in your hand

In this prototype we use markers to facilitate the process,
but in the final implementation, we envisage it would work
using just your hand. This process is illustrated in Figure 2.
Figure 3 shows the implemented prototype AR in your
hand using the AR Toolkit.

O

Figure 3. Prototype implementation of AR in your hand.

The AR in your hand display allows a controller to
intuitively examine the airspace of interest by rotating their
palm to change perspective, and bringing it closer for a
closer inspection. This localised view could be placed
beside a monitor for reference and dismissed at the snap of
the fingers. It could also be used as a collaborative tool for
controllers to share information about interesting areas of
the airspace or hand over a situation to another controller.



B. AR Magnifying glass

The AR Magnifying Glass is a prototype display
technique for smoothing interactions between the physical
and the information space. By moving the "lens" over parts
of the 2D radar screen, it will “magnify” those parts of the
screen. Instead of magnification, the lens could display a
3D representation, additional text, or anything else that
computers can normally display. Figure 4 shows a picture
of the AR magnifying glass, implemented in the
ARToolkit, using a cardboard frame.

The lens is envisaged be a physical tool that will be
permanently attached to the screen. When a user needs
additional information the tool will be grabbed, dragged to
the relevant area and used to acquire the necessary
information. When the information has been obtained, the
tool is released and springs out of the way. This tool would
greatly reduce the intrusiveness of acquiring additional
information.

Figure 4. AR magnifying glass, implemented using the ARToolkit and
cardboard.

C. AR 3D Wall View for Stack Management

The 3D Wall View (also referred to as the AR Stack
Manager), is a combination of the 3D Local View and the
Precision View. The 3D view allows a rapid
comprehension of the structure of the airspace, while the
vertically-oriented gradation on the wall (called the
‘altitude ruler’), gives users precise data needed to assess
the traffic situation or guide aircraft accurately. Such a
view can allow a controller to check whether a given
aircraft is able to level off at an assigned flight level after a
climb (or descent); visualize the 3D path of an aircraft close
to terrains; monitor one or more holding stacks at the same
time, or access a pilot’s point of view during severe
weather conditions. All these airspace features can be
included and magnified in a sub volume such as the one
described above.

TT
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PCSWARTooKitAbin\stackManager.exe

Figure 5. The 3D Wall View with the ‘altitude ruler’ allows altitudes
projected on the walls to be read accurately.

D. AR 3D Wall View for Approach Control

The AR 3D Wall View for Approach Control is another
example of combining the 3D Local View with the
Precision View. When aircraft carry out complex
approaches, it is easier to use a 3D visualisation to gain an
overall understanding. When directing traffic, however, the
precise 2D information visible on the walls is most useful
in that it provides a good spatial representation of the
selected traffic situation, providing traffic direction and
positions. Most importantly, the Wall provides better
distance assessment than pure 3D.

Figure 6. AR 3D Wall View for Approach Control.

E. Skyscraper and Symbicons

The skyscraper set of display concepts described here
were developed from an earlier design we called,
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“stereoscopic displays” (see report D1.2 that reported on
the full set of concepts) that allowed a controller to monitor
a standard 2D plan view and to “dive” into it when needed
by activating the stereoscopic visualisation. Having 3D
throughout was not useful as it still presented the same
problems of 3D visualisation. We therefore developed, the
concept of stereoscopic perspectives for localised or
selected areas of the 2D space. This developed into the
skyscraper view concept.

Figure 7. The stereoscopic display.

The Skyscraper display allows us to see a 3D
representation of an area of interest within a 2D overview
of the entire airspace. The aircraft in our concept prototype
are represented as red-cyan anaglyphs in the selected
airspace. When viewed using red-cyan filters (cheap 3D
glasses), the selected aircraft appear to stand out of the
display, much as if one were looking down at skyscrapers
from above. Aircraft at higher altitudes appear closer to the
viewer while aircraft at lower altitudes appear farther away
from the viewer (Figure 6). Such a 3D-in-2D view is useful
for decluttering since the selected aircraft appear to stand
out of the display, gives a controller a quick assessment of
the traffic situation, and can provide clear indications of
where the aircraft are in 3D space. Note that such a view
can be combined in the “AR magnifying glass” lens view,
and can be implemented in advanced multi-layered display
technology that does not require glasses or anaglyphs to
simulate visual depth.

Symbicons, or icon with embed symbolic 3D-related
information can be used to add information about the
aircraft's behaviour, indicating if the aircraft is climbing,
descending or banking (see Figure 9).

This symbicon concept has been implemented as a short
black line on the axis of the aircraft. If the line is towards
the rear of the aircraft (triangle) symbol, it indicates that the
aircraft is climbing; and if it is located more forward, it
indicates it is descending. If the line is to the left, it
indicates that the aircraft is banking left, in a climbing left

O

turn (if to the rear and left), or in a descending left turn (if
to the left and forward).

Figure 8. Skyscraper display, showing aircraft in selected area appear as
skyscrapers looking down from above. The red-cyan anaglyphs appear as
3D imagery when viewed through red-cyan filter glasses.

Descent/Left bank | ! 1 Descent/Righ bank

Climb/Left bank 1 i Climb/Righ bank

Figure 9. How the symbicon representation works.

Figure 10. Symbicons display combines 3D information such as climbing,
descending, banking data symbolically.

Symbicons and the 3D skyscrapers are complementary
technologies. By combining them, users can readily
perceive information about the intentions and actions of
aircraft, and rapidly determine flight levels. In this design,
we can preserve the need for global awareness of the
overall traffic situation that comes from the 2D
representation, declutter the display by separating the
aircraft and their labels in depth, and support analogical
reasoning. Smallman and colleagues [10, 16] found that
symbolic 3D led to better visual identification performance.
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Figure 11. Combined

skyscraper and symbicons display.

F. Table Top Display

The Table Top Display is a collaborative workspace
rendered in genuine 3D. Multiple controllers can view a
single workspace from multiple directions, allowing them
to share ideas and solve complex problems. The view
allows examination from any angle, and can provide textual
information, just like a 2D display.

Figure 12. Table top display that can be shared by several cooperating
controllers.

Note that we are able to augment the entire table top - we
are not limited by the size of the marker. In such a display,
we can embed different “tools” such as the 3D wall with
the altitude ruler to assess aircraft altitude in a selected part
of the airspace. Figure 13 is an early paper mock-up of how
the 3D walls could be implemented on the Tabletop
display.

III.  INVESTIGATING THE CAPABILITIES OF THE
INNOVATIVE CONCEPTS

The objective of this phase was to identify the capabilities
afforded by the new 3D/2D representation concepts and
their potential uses. In particular, to identify the variety of
perceptual and interactional issues that may arise, such as
the new capabilities that the proposed display concepts
enable a controller to perform. Also of interest was the
1dentification of feature interaction effects, i.e. how some
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Figure 13. Early paper mock-up illustrating how the 3D Wall View display
can be used in a 3D space to provide precise altitude information.

concepts might in combination lead to more powerful
capabilities, or hinder controller performance. It was not
the intention of the evaluation to assess how much, how
fast, or how accurately the new designs would enable a
controller to perform a particular set of operational tasks.
Although mindful of the operational context and the
importance of a human-centered approach, the concepts
were still at an early stage in the technology research and
innovation process, and therefore too immature for
operational evaluation. A more quantitative evaluation at
this stage would be premature, and would have instead
hampered the exploration of their full capabilities

The evaluation took place at EUROCONTROL with
three non-operational Air Traffic Controllers, each with
between 3 to 18 years of operational experience. We asked
them to perform an exploratory tasks: each participant was
presented with simplified scenario demos, and asked them
to imagine how the new visualization could help them to
carry out the operational task. We also used a set of
predefined questions to stimulate thinking.

A. Applications of the 3D-in-2D Concepts in ATC

The study showed in general, that 3D visualization can
help a controller manage holding stacks; busy airspaces
sector; and military aircraft interception.

For these applications, 3D in combination with 2D
appear to offer the potential to reveal 3D positions and
trajectories relative to each other. It can also show the
dynamic and static 3D volumetric shapes of restricted
airspaces, thus reducing the cognitive load. The holding
stack was felt to be an application area that could benefit
significantly from 3D, due for instance, to current
difficulties such as overlapping aircraft in the same 2D
space at different flight levels engaged in the holding
pattern. This make holding stack a candidate for further
investigations of 2D and 3D in the next phase of the
project.

As regard busy airspace sector, 3D could be useful for
disambiguating traffic arriving or departing from a given
airport from those arriving and departing from another
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nearby airport. This point is particular important looking at
technologies such as PRNAV (Precision Navigation),
which could possibly increase the effective use of the
airspace. Aircraft could be instructed along a 3D path not
available today due to uncertainty in navigation (perhaps
underneath another flight path?), and viewed with
symbicon representations using a local AR perspective. For
instance in between the departure of a fast and a slow
aircraft - the former departing first and climbing at higher
altitude, the latter departing shortly afterwards and climbing
at a lower altitude - it is not possible to put any aircraft
today; but with the support of PRNAV it would. Such an
improved use of the airspace would result in higher density
of activities which could be better appreciated in
combination with a 3D visualization.

The use of 3D can provide military controllers assistance
to track high performance aircraft. This supports the finding
of a previous work analysis (Amaldi, Fields, Rozzi,
Woodward, & Wong, 2005). At this stage however it seems
that more operational evidence need to be collected, since
none of the subjects involved in the session had experience
has military experience.

B. Applications of 3D-in-2D Concepts beyond ATC

Other application areas beyond ATC include airspace
planning; procedure design, experimental scenario design,
and training.

Just as 3D CAD (Computer Aided Design) applications
support engineers to explore construction sites with a
combination of both two dimensional and three
dimensional views, 3D could enhance planning and design
activities since it would enable airspace planners and
procedure designers to explore in 3D the airspace, collect a
qualitative understanding for instance of noise distribution,
leaving the operator the possibility to refer to 2D to carry
out precise distance estimations, e.g. among planned
procedures.

The same applies for instance during Experimental
Scenario Design. For instance during the preparation of a
given holding scenario, a psychologist could: (i) visualize
in 3D traffic in correspondence of the holding to control
how the trajectories he has designed look like; (ii) observe
traffic evolution in time by sliding back and forward a
timeline; and (iii) modify if needed aircraft position at any
given time. This control of scenario geometry and
dynamics would save the experimenter the relevant mental
effort needed to a reconstruct scenario conditions in his or
her head, thus fasting and make the process more accurate.

Training could potentially be another application of the
3D-in-2D display concepts. A trainee could interactively
explore a localised 3D space using different features to
understand its configuration, the distribution of global
traffic, and assess the implication that his or her intended
maneuver would produce, e.g. lack of separation, or
overshoot.
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IV. THE HUMAN-CENTERED INNOVATION PROCESS

The development process adopted in Year 1 for the 3D-
in-2D display project heavily emphasised a human-centered
innovation approach. We did not use a standard
engineering development process, where the focus of user
discussions would be to define and refine a small number
of solutions. Instead, we focused on creatively generating
and expanding the number of new ideas that were based on
a sound understanding of the user, the work, and the work
domain, and hence the nature of the tasks and the goals and
user expectations. This understanding of the controller’s
cognitive tasks and strategies, were based on work analyses
carried out in the recently completed FP6-funded AD4
Virtual Airspace Management project.

Our efforts aims at producing radically new yet
meaningful display designs by orchestrating powerful
innovation methodologies such as De Bono’s Lateral
Thinking techniques [30], and Wei & Yi-wen’s
Combination technique [34], with Human Factors methods
in order to consider both the “blunt end” and “sharp end” of
the system, and taking into account user work practices,
during the innovation process. In our approach, we
systematized the creative and generative activities by a
structured process comprising three iterative cycles which
alternate systematically between creation, technology
development (prototyping) and (review) phases.

A. The Problem of Innovation

To innovate we needed to address two key challenges: (i)
To achieve a significant change in the perspective that we —
investigators and operators — viewed current ATC display
designs, and (ii) while ensuring than proposed solutions
will be meaningful and can be used from an operators’
standpoint.

The first point arises because of the basic scope of the
project. 2D Plan Position Indicator (PPI) radar display
designs has not changed significantly it was introduced 50-
odd years ago. Thus is it is necessary to look at radically
new visual display techniques that can enhance safety and
increase the capacity of the ATC system anticipated over
the next 20 years, especially from needs arising from
possible new operational concepts that will be developed
through SESAR in Europe and NGATS in North America.
This requires a new approach that would allow us to
progress extensively from the current ATC system, since
designing for the current system would have only resulted
in marginal improvement of what is already available. We
did not want to “design for the last war”. For this reason
our approach largely emphasized systematic creativity to
achieve a significant shift in the perspective with which we
considered ATC practices and in particular at current
information visualization systems in ATC.

Also, achieving radical innovation means knowing not
only the current situation — how activities are carried out
today, but to makes sure that the tools designed are



meaningful for the ATC community in the future. For this
reason our project has been informed by a solid review of
current ATC practice knowledge. We reviewed the visual
requirements and ENCA (Expectations, Needs, Constraints,
Assumptions), and analysed them from both the blunt (such
as organisational policies) and the sharp end (operator
strategies), some of which were based on previously
collected data during the AD4 project [31, 32]. In addition
to that, our review of current innovative visualizations
summarised in the Combination Display Framework
described earlier on, informed us about existing
opportunities for innovations. This knowledge enable us to
initiate the Innovative Creation process.

B. The Innovative Creation Process

This process comprises three iterative cycles which
alternate systematic idea and concept creation, technology
development (prototyping) and review phases.

1) Cycle 1. Innovation Initiation — Perspective change

Objective of his phase is to instill a innovative
perspective among the project team members and users. In
our three focus group sessions called creativity workshops,
the focus was to produce a large number of “provocative
ideas” that required participants to generate radically
different ways to do work today in ATC. Such ideas
challenge various areas of established ATC practices, such
as work organization, e.g. “controller s can work from
home”; to visualization, e.g. “The display appears on the
control room floor and controllers can walk over it and
interact with (virtual) 3D pipes, corresponding to aircraft
3D trajectories”. At this stage, implementation was not an
issue as long as the provocative ideas challenged existing
assumptions and instilled radically different — out of the
box — design perspective fundamental to initiate effectively
innovative thinking. Their systematic production and
collection took place during the three creativity workshops
based on De Bono’s [30] lateral thinking methods.

Our creativity workshops involved postgraduate students
of product design and human-computer interaction, and
human factors and visual perception experts, provided us
with the necessary level of creativity and theory, while the
involvement of ATC experts such as controllers and ATC
managers, made it possible to assess the usefulness of the
ideas and to distil from this set of provocations, those that
were radically new from the ordinary.

2) Cycle 2. Display Concept Innovation

The Innovative Concepts were then developed, using the
provocative ideas identified in the earlier cycle as source of
inspiration, and the Combination Display Framework to
systematically identify gaps of opportunities in the
framework. The Innovative Concepts devised during this
cycle, should be considered as visual and interactional
elements: They do not represent a complete system yet,
where each innovative concept would be combined with
other concepts into a more complete radar display or
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toolset. At this stage the ideas and concepts were not
anticipated to allow the user to control traffic. At this stage
focus is to understand the capabilities offered by each
Innovative Concept. In the next step in this cycle, we then
assess the ways that they can combine into a more complete
radar display or toolset later on in the process.

The “assessment” in this cycle consisted of what we
called the Capability Investigation.  This qualitative
evaluation focused on understanding capabilities of the
concepts, how they can be combined and extended, rather
than measuring the controller’s performance if they were to
use it. In fact measuring human performance in this phase
would be not possible since the prototypes were not ready
to sustain an operational task. However, it allowed us to
discover what meaning the user associated with the
concepts. Such qualitative investigations are needed firstly
to minimize the risk of overlooking potential innovations
[33] and avoid premature rejection without having a
thorough understanding of the concept potential. For
example, drawing on a more common experience,
applications designed in early (c. 1989) version of
Windows version required the user to type menu selections
into a command line interface, despite the fact that the GUI
(Graphical User Interface) system could accommodate
drop-down menu selection. At that time, the opportunities
for innovation offered by the drop-down menu were
overlooked, possibly due to a lack of a maturity in
understanding what the GUI could offer.

Secondly investigating the capabilities allows
distinguishing relevant aspects of the concept relevant from
a user perspective. For example one of the learning is the
“3D AR in Your Hand” display can be considered from a
controller both as (i) Visual Container — which refers to the
capability of the concept to hold any kind of information in
different positions in relation to the user; and (ii)
Information Visualization, which consist in the information
which is being visualized. Such distinction was not evident
to us prior the capability investigation phase.

3) Cycle 3. Display Design and Evaluation

The objective of this phase is to bring the Innovative
Concepts together and to combine them into fewer but
more complete display designs or toolsets, i.e. they will be
complete enough to convey to the user the HMI concept
and more specifically how it might support him or her it
carrying out an operational task. Combination is a
technique in the innovation process that consists of
combining and re-combining elements to obtain a better
product [34]. Although this cycle was supposed to start in
Year 2, we have already initiated some of these
combinations, e.g. (i) the combined Skyscraper +
Symbicons view, and (ii) the combined 3D wall view with
the 2D precision (ruler) view, provide two examples of
potentially successful combinations.

Assessment of the combined displays is scheduled to
take place in Year 2, and will emphasise the assessment of
operational usability. These combined prototype designs
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will be developed and evaluated in order to asses their
usability in laboratory-based operational scenarios, by
mean of well know methods such as expert reviews,
usability tests and lab experiments.

With this process we proceduralised the concept design
phase. Designing a process informed by ATC practioners

and at the same time integrating creativity tool s to generate
systematically innovative ideas.
process and differences between the artefacts at their
different stages of development within our human-centered

innovation process.

Table 2 summarises the

TABLE 3
DIFFERENCE AMONG THE OUT PUT OF THE HUMAN-CENTERED INNOVATION PROCESS.
Innovative ideas Innovative Concepts Displays

What Basic Element. Abstract ideas of | Interactional Unit. Innovative
Individual feature or Complete | concepts correspond to features
system of a complete HMI. Controller

can carry out only small part of
the operational task.

Implementation Implementation is not an issue | An early low fidelity prototype | Complete HMI. The user can
Idea is documented on paper | is available. The idea is quickly | carry out the operational task.
either as a sketch or text only prototype to convey the concept

to the controller

Technology Technology at this stage is | Technology as enabler, the best
considered as an opportunity technology to generate the

cheapest technology to
prototype an idea

Generation Innovation | Creativity Workshops Visual design, Rapid | Combination

technique Prototyping and Refinement

Evaluation Uniqueness of the ideas Capabilities of the innovative | Operational Usability

concepts

V. THE SIMPLIFIED ATC SIMULATOR

As part of the 3D-in-2D project, a software infrastructure
has been developed to enable the project investigators to
easily create dynamic air traffic scenarios and use them to
test the different 3D/2D HMI concept prototypes emerged
during the project.

The project team chose to develop such a platform with
the aim of having an easy to use tool for creating relatively
simple air traffic scenarios for HMI testing purposes, with
special emphasis on evaluation (at least for Year 1 of the
project) of visuo-spatial aspects and expected benefits of
highly innovative 3D-in-2D HMI concepts. For this reason,
simplicity and ease of use have been considered as
important points.

While other existing, more sophisticated platforms (such
as AD4, ESCAPE, eDEP) would have provided the
possibility of creating much more realistic ATC simulation
scenarios, such complexity and realism was been found to
be beyond the scope of the early phases of the project,
where the focus is more on generation and evaluation of
many highly innovative HMI aspects rather than on
carrying out operationally realistic types of assessment.

A. Overview of the ATC Simulator

The Experimental Test bed consists of: (i) an editing

tool, provided with an intuitive graphical interface, which
supports the creation and editing of simple ATC scenarios,
and, (ii) a simulation environment (simulation engine)
capable to run the scenarios and to interface to the different
3D-in-2D HMI prototypes, feeding them with (near) real-

time traffic data.
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Figure 14. Test bed architecture.

An additional pseudo-pilot interface module has been
foreseen in the overall test bed architecture, allowing an
operator playing the role of pilot to modify airplanes
behaviour in real-time during the scenario simulation. The
implementation of such module, however, has been planned
for subsequent phases of the project (Year 2), as such
feature was not necessary in the early evaluation of the
concepts. The following figure provides an overview of the
test bed architecture, showing the different modules and the

major data flows between them.
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A. Capabilities

The system supports the scenario design process by
means of a graphical user interface which allows the user to
easily create basic ATC elements, such as fixes, waypoints,
weather elements, and to define flight plans.
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Figure 15. HMI of the simulator editor

The ATC editing environment supports a number of
capabilities, allowing the user to:

e specify a geographic region containing the airspace of
the scenario under creation;

e create a set of waypoints (“fixes”);

e create aircraft flight plans, specifying information like
the trajectory, the start time of the flight, the flight
levels and the speed at which the aircraft will fly;

e create simple weather objects (e.g. representing
cumulonimbi) defined as 3D volumes;

o verify the presence of potential events in the scenario,
such as conflicts between airplanes (loss of separation)
or airplanes crossing a weather object;

e play / preview the scenario in 2D

e insert textual comments and other auxiliary
information for each scenario.

The created scenarios can be then performed by the ATC
simulator, which generates the data of flying airplanes
according to the flight plans specified in the scenarios, and
dispatches those data to the HMI concept prototypes that
are connected to it. The data transmission from the ATC
simulator to the HMI prototypes is realized by server-client
communication scheme, based on the TCP-IP protocol, in
which the simulator acts as a server, while the HMIs act as
clients.

VI. CONCLUSION AND LESSONS LEARNT

As we review the work we have done and
accomplishments of Year 1, a number of issues were
reflected upon, and a number of lessons were learnt. These
are discussed next.

A. Expectations, familiarity, and the Task-Artefact Cycle.

Radar displays have progressed through two main design
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concepts since they were first invented and deployed over
60 years ago during the Second World War. The early
displays were oscilloscope-style presentations of aircraft,
showing the strength of the radar signal returns indicated
distance in a particular direction, and the current 2D plan
position indicator style displays with ‘blips’ showing the
location of aircraft in a plan view perspective. Altitude
information was initially added through specialised height
finding radars, and now through improved radar and SSR
technology. This altitude information is then mentally
integrated by the controllers to create dynamic 3D mental
models of the traffic situations, a spatial expertise that often
takes a controller several years to develop. Many air traffic
controllers have been trained to create and maintain this
dynamic mental ‘picture’ [35]) of the air traffic situation,
developing heuristics and strategies for keeping that picture
current and for ‘looking ahead’ in order to anticipate
problem situations and to de-conflict traffic, and techniques
for disambiguating information presented on the 2D radar
PPI. For example (from personal experience whilst the first
author was working in the Repulbic of Singapore Air Force
during the introduction of a digital radar system in the
1980s by the Civil Aviation Authority of Singapore), the
trail of blips left by an aircraft — their direction and
distances apart — on the phosphor CRT of the older analog
radars, provided cues about the direction and the speed with
which an aircraft was traveling. Having been trained to
interpret such cues, the controllers found it very difficult to
transition to the modern digital signal displays that did not
provide the trail of fading blips when they were first
introduced. The radar engineers had to subsequently
program in the trail of blips, despite providing heading and
speed vectors attached to the digital blips.

Considering the severity of consequences of aircraft
accidents, air traffic controllers tend to be conservative,
preferring to work with the familiar or with artefacts that
satisfied their expectations. It is against this strong
background of experience and prior expectations that we
conducted initial evaluations of the viability of design
concepts that were radically different from which they were
familiar, and that behaved in ways that they were not
trained to expect. Additionally, the procedures and the
operating concepts for controlling, separating and
sequencing of aircraft were developed based on a 2D
perspective to ensure safe and expedient passage.

As innovation researchers, this was a significant
realisation: While some of the negative feedback from the
early evaluations of our concepts are valid, others have to
be interpreted within this context. Some of the designs
simply would not be appropriate for use to perform the
tasks as they are currently practised. These new designs do
however, open up new possibilities for new operating
concepts and new ways of controlling aircraft. This is very
much in line with the well-known Task-Artefact Cycle
[36], which explains that new technology can change the
way we work by offering new possibilities, and as we
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change the way we work, creates new demands or
requirements. In other words, new innovations need to be
used, practised with, in order for the user to understand
what new possibilities it affords and therefore how their
work can be changed or improved.

This has implications for the way we conduct future
evaluations, especially if evaluating the operational
usability of ‘first-of-a-kind’ artefacts at their conceptual
states. There will be an incompatibility between the users’
expectations and the assumptions that underlie their work,
with that of the new designs.

B. Good ideas, poor implementation.

Designs should not be considered as a “single entity”. A
design has several dimensions, and their success depends
very much upon the compatibility among these dimensions.
Good ideas can easily be discounted as a bad idea due to
poor implementation. Poor implementation occurs for a
variety of reasons, including poor software programming,
lack of attention to design issues, poor translation of the
idea into the artefact, or an over sight of how the artefact
might be used. As we in the software industry are well
aware, the functional requirements of a system can be
implemented in as many different ways as there are
programmers. What makes a difference is how the look and
feel of the same functional requirements are rendered, e.g.
buttons vs pop-up boxes, type-ahead vs select from a menu.
These problems are made worse when developing in a new
medium, as is the case in our project, developing to
introduce 3D view information within the context of 2D
space. How do they interact? how should the boundaries
between the two spaces interface? The effect that the
software coding needs to achieve can be coded once we can
clearly articulate what the design needs to look like and
hence how it should be rendered. This process can only
come through a process of envisioning coupled with rapid
concept prototyping, to rapidly visualise and to explore
how these concepts work, and therefore could work. This
is an essential step in the innovation research process:
starting from an assumption that we have an understanding
of the task, we need to create as many concepts as possible,
exploring the various ways and combinations of ways that
the basic requirement or principle of design can be
implemented. We should at this stage be emphasising a
‘what-if” approach to design to explore, extend and invent
the design space, rather than developing just one or a small
number of alternatives to perfection as we would when
focusing on a final solution as is typical within the context
of standard software engineering projects. Innovation
requires variety and many design sketches [37] to nurture
and develop the ideas. We should refrain from developing
early radical ideas into high-fidelity engineering prototypes
early in the innovation process. For this reason, we
adopted technologies such as the Augmented Reality AR
Toolkit to enable us to rapidly construct many concept
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prototypes as quickly as possible so that we could explore
their capabilities and to demonstrate the ideas. Through this
we realised the possibilities that the ideas afford.

C. Concept maturity.

Another issue that became a significant point of
contention was the compatibility between the designers’
and intended users’ understanding of the maturity of the
concept, i.e. how ready is the concept for deployment. It
became clear early during the project from the controllers’
comments that their time horizon was in the 5 years ahead
timeframe. This is a normal expectation for standard
technology implementations. However, innovations we
were referring to were necessarily much less mature than
that. We were referring to a 10 to 15 year deployment
timeframe due to the changes needed in operational
concepts as well as having the necessary technologies in
place (e.g. downlink of aircraft attitude information). We
found the NASA Technology Readiness Level (TRL)
framework a useful concept for providing a common frame
of reference to discuss the concepts in relation to the users’
expectations. A TRL Level 1 and 2 refer to blue skies test
of concepts and principles and early feasibility studies, and
this is where the 3D-2D display concepts are presently at,
and Level 8 and 9 refer to the technology as being
deployable, i.e. “mission qualified” and “mission proven”.
As a result, we were later able to discuss what could the
designs be use for, rather than simply, is it usable at this
stage for carrying out a series of validated ATC tasks. In
innovation research, one of the key goals is to identify and
open up new possibilities which can later be turned into
engineering solutions. Sharing this common frame of
reference with management in the funding body is also
important as it influences the expectation of when candidate
concepts need to be selected, and the expectations from
subsequent evaluations. As a final example of the length of
time it takes for ideas to mature: Microsoft’s 2007 Vista
operating system desktop concepts of perspective and
different spaces for different purposes, can be traced back,
for example, to concepts, some of which were published
overl0 years ago. These ideas include the information
forager and web-book ([38]), perspective displays
(summarised in [39]), and the data mountain [40].

D. Features vs solution.

As we further developed the ideas during the innovation
process, and as we discussed the ideas with various groups
of people, including the controllers, we realised that it was
critical to distinguish between features (the elements that
would be later combined to create a whole interface), and a
complete interface solution. Some of the designs are
intended to be part of a larger tool set, rather than used in a
stand-alone way. For example, the 3D wall display showing
an accurate altitude measuring “ruler”, although presented



as if to be viewed on the side of one’s desk, should be seen
as a feature or element that is to be combined, with say, the
AR ‘magnifying’ glass display, such that it provides the
wall view in the AR ‘magnifying’ glass viewing portal.
This combined view can also be further combined with the
AR-in-your-hand view, allowing you to select and pull off
the display, a magnified, walled view of the selected
airspace with the altitude ruler, in your hand. As stand-
alone concepts, the ideas that we propose would in all
probability fare poorly, just as a drop-down menu, a single
element of a Graphical User Interface, in isolation from the
rest of the GUI. Combining these elements into a practical
tool set will be the focus of efforts in Year 2 of the
programme.

E. Visualisation and interaction

Another key distinction about the designs is the
differentiation between the container and its content. This
fundamental concept allows us to create new combinations,
matching content, what we would like to view about the
traffic situation, with appropriate or novel ways of
accessing, manipulating and controlling what is viewed.
For example, the 3D wall concept, shows aircraft in 3D
space, with their ‘shadow’ projected against a vertical
backdrop of two adjacent vertical walls. The walls could be
augmented with precise altitude measurements to enable
easy reading of the aircraft’s altitude, position and altitude
in relation to the other aircraft to support very quick at a
glance assessment. Employing this in a table-top display in
combination with, say the AR ‘magnifying glass’ container
allows us to magnify (or execute other manipulations) a
selected area of the airspace and traffic situation, in place.
Then if the controller wants to pick it up for closer
examination, the AR-in-your-hand container can be used to
select this portion of the airspace and have it brought closer
to himself, or hand over that situation to another controller
cooperating with him at the table-top display. Crucially,
thinking about contents and containers in this way, allowed
us to think beyond 3D views of data. By decoupling how
we manipulate the content, from the content itself, allowed
us to consider other forms of data representations. Such
representations of content included the notion of
symbicons, or the representation of aircraft information
symbolically as icons. Thus, not just representing an object,
say, an aircraft as a triangular icon, but by incorporating
appropriate symbologies, we can show that the aircraft is
climbing or descending, or banking left or right.
Combining, for example, the AR magnifying glass method
of manipulation, we can select an area to show the
symbicons projecting out of the 2D display in a 3D
skyscraper display view, with the symbicons of the aircraft
that are higher appear larger and closer to the viewer (when
say, viewed through red-blue 3D glasses), than those
aircraft that are lower and hence appear smaller and further
away, in the same field of view. Thus, this separation of
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contents from containers will allow us to create hybrid
displays by enabling different ways of combining the
contents with the containers.

F. The Simplified ATC Simulator.

In early discussions, we were faced with the decision of
adopting more advance and realistic simulators, rather than
for the project to re-create the wheel, and develop a
simulator that would have much less capabilities than
existing ones such as ESCAPE or eDEP, which has fully
validated operational scenarios. However, more time would
have been needed to adapt these more sophisticated
platforms for our much simpler purposes: to provide a
simple ATC simulation system that could generate aircraft
tracks in order that we will be able to see how the various
design concepts would appear. In addition, we were
intending that the simple ATC simulator can be used as an
experimental test-bed, allowing the capture of user
response time and track how the user directed the aircraft
under his or her control using the different design concepts,
with the intention of studying the use of the novel
interfaces. Because this test-bed was developed within the
project, it proved to be much easier and quicker for us to
connect our design concepts and to evaluate the
visualisations, which allowed us to make design
refinements rapidly.

G. The process of innovation.

Although not explicitly mentioned in the reports on this
project, we did not start the technology innovation without
some prior understanding of the human in the work
domain. In a prior FP6 project (AD4 Virtual Airspace
Management), we had completed a number of field
observations and cogntive task analysis of controllers’
decision = making, coordination and information
representation needs. Using this and other reports in the
literature on controller behaviours, we developed the new
innovations. While having a human-centered perspective is
crucial to design tools that work for the human operators,
we also realised that this crucial need to be informed by an
understanding of the current work practices, can in itself
hinder researchers from making dramatic advances.
Focusing on work practices can be retrospective. The
practices exist, and is what the operators do. Designing new
systems for compatibility with current work practices is like
designing new weapons to fight the last war, instead of
designing new ways to win a new war that could be fought
differently from the last war. Pure technology development
can, on the other hand, have little to do with addressing the
needs or nuances of the work domain, focusing instead on
establishing capability, and little on how the human could
use it. We can call this the ‘because we can’ approach. For
technology innovation to succeed, the innovations need to
be human-centered. We need to take into account human
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work and work practices, and using creativity techniques to
challenge accepted practices, creatively consider how the
new technology will enable new possibilities as we re-
engineer the processes, and then ascertaining the
technology’s usefulness, through both technology-oriented
and use-oriented evaluations.

H. Industrialisation.

Through our industrialisation reviews, it became
apparent that the notion of ‘industrialisation’ needed to be
defined. Did it mean the development of a product to a
stage where it would be ready to be sold to the world at the
end of the three years? (i.e. TRL Level 9 “mission proven”;
or did it mean that the 3D-2D displays can be implemented
as a prototype and demonstrated in an operational
environment? (i.e. TRL Level 7); or implementation as
System /subsystem /component validation in a relevant
environment? (i.e. TRL Level 5). Setting these
expectations is important so that funders and researchers
are not talking at odds with one another. As a project team,
we believe the realistic expectations are TRL 4 where
component or subsystem are validated within a laboratory
environment. The components are implemented as
standalone prototypes tested, and then with integration of
technology elements, and with experiments conducted with
full-scale problems or data sets such as those validated
operational ATC scenarios in EUROCONTROL’s e¢DEP
ATC simulator.

Increased work package that would develop and extend
from the technologies developed during the -earlier
successful FP6-funded AD4 platform.

I. The way ahead.

As we leave the creative-emphasis Year 1 of the project,
our strategy for progressing the work in Year 2 (2008), will
be to focus on validating and bringing the technology
closer to being deployable in operationally valid ATM
laboratory settings. We will:

(a) consolidate, combine and refine the candidate concepts
into candidate interface solutions,

(b) create an alternative operational concept and a mock-
up context of use which have alternative airspace
designs and traffic situations that are not based on 2D
constraints, so that the use of the innovations are not
limited by the force of habit and past experience,

(¢) conduct evaluations that will be directed at assessing
operational usability issues within alternative
operational contexts,

(d) investigate alternative technologies to the augmented
reality AR Toolkit, and to define an migration path, to
a more “industrial strength” platform that could
integrate with industry standard platforms such as
ESCAPE and ATRES. Drawing from previous work
funded through FP6, the AD4 Virtual Airspace
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Management platform,

(e) initiate the search for an engineering solution.

(f) add the pseudo-pilot and other functions to the Simple
ATC Simulator and Experimentation Test-bed, and to
develop according to the road map defined in our
deliverables, and if funding permits, extend its
architecture to be compliant with the simulation
industry standard programming interfaces such as HLA
or SMP2.

To be able to accommodate these activities, some of
which are new, would benefit form additional funding
support.
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The Co-ordinated Airport through Extreme
Decoupling

Pim van Leeuwen (NLR), Lian Ien Oei (TU Delft), Cees Witteveen (TU Delft), Henk Hesselink
(NLR)

Abstract— This paper presents the results of the first year
research in the EUROCONTROL CARE Innovative Research
Il project on ‘The Co-ordinated Airport through Extreme
Decoupling’ (CAED). It is the objective of this research project to
improve planning at airports by using a new methodology:
extreme decoupling. In the first year of the CAED project, this
innovative idea has been elaborated and developed into a mature
decoupling model and working prototype. This model and
prototype have been applied to the domain of ground handling,
demonstrating that in this domain the pre-tactical planning
based on decoupling can offer important advantages. These
advantages will show up in the tactical phase, when disruptions
necessitate re-planning of the original plan. In these cases, the
decoupled local plans offered by the proposed new planning
approach ensure that re-planning can be kept as local as possible
— whilst guaranteeing that a solution does not conflict with other
plans. This enables ground handlers to solve many tactical
disruptions locally, thus drastically reducing the co-ordination
overhead involved in negotiating with other parties. Given the
large number of plan disruptions occurring daily at airports, and
the increase expected in air traffic, such a planning tool seems to
be a valuable asset.

Index Terms—Ground Handling, Air Traffic,
Modelling

Planning,

I. INTRODUCTION

N 2004, EUROCONTROL predicted flight traffic in Europe

to double by 2020 [7]. Given this increase in air traffic,
airports will become a major bottleneck in the air transport
system. Expansion of airports, however, is expensive and
often impossible due to safety and environmental constraints.
Therefore, airport authorities are seeking methods to increase
airport capacity by making more efficient use of existing
resources.

Currently, one of the most important factors preventing a
more efficient use of resources is the occurrence of
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disruptions. At any medium to large size airport dozens of
disturbances occur daily. Without re-planning, these
disturbances may lead to grave consequences: flights delaying
other flights (reactionary delays), provoking gate changes,
affecting the in- or outbound capacity of the airport, or even
hampering flights at neighbouring airports. Therefore, re-
planning has become a daily necessity.

Given the complex and distributed nature of the airport
domain, however, re-planning is not an easy task. It typically
involves a large group of parties, each having their own
(commercial) interests, resources, and planning constraints.
Between these different parties, a large number of
dependencies exist. For instance, between ground handlers,
many temporal constraints apply (e.g., the fuelling company
may not start fuelling unless all passengers have de-boarded).
Any disruption typically affects a large number of activities,
since any one activity forms part of a network of related
activities (related temporally or by resources used). If a
change occurs in one planning domain, it may have
repercussions for all.

In particular, these complications have become visible in
European Union projects such as LEONARDO [5]. Although
fully acknowledging the distributed nature of the domain (by
implementing a multi-agent system to support all actors), this
project ran into difficulties when trying to model real-time
scenarios. The majority of conflicts dealt with necessarily
involved all parties. To solve any type of realistic disruption
to the original plan, an enormous amount of communication
was required to co-ordinate local planning functions. This led
to a large co-ordination overhead when trying to solve the
distributed planning problem. As a result, a general tool
assisting all planners in solving real-time disturbances at
airports turned out not to be feasible.

Airport planning is typically subdivided into a number of
domains: arrival management, departure management, stand
allocation management, taxi planning. In all of these areas,
extensive research has been conducted to improve planning
and assist planners by means of decision support tools (e.g.,
[51, 2], [4], [8]- Ground handling, denoting all processes that
take place when an aircraft is at the stand' between flights, is

! The term ‘stand’ will be used for both gates and remote stands throughout
this paper.
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a notable exception. Up until now, relatively little research has
been conducted in this area.

This is surprising, since ground handling is recognized as a
common and important source of delays in the air transport
system. According to research conducted at London Gatwick
Airport, ground handling services are the second largest
contributor to flight delays, right after air traffic control
(ATC) related delays. In this research, ground handling
services proved to be responsible for 25 percent of all delays
at London Gatwick [9];[10]. Ground handling delays typically
lead to delays in other airport processes — not only for the
delayed aircraft itself, but also for other aircraft, whether
inbound, outbound or docked at other stands (knock-on
delays). Thus, the performance of aircraft turnaround
operations has a strong impact on the punctuality of the
totality of airport operations. For this reason, NLR has
recently — in parallel with the CAED project — intensified its
research efforts on the turnaround process as a key chain in
airport operations.

The CAED project presents a new planning approach to
support airport authorities and local planners in the
establishment of a robust ground handling plan for servicing
scheduled aircraft. These services (e.g., boarding, fuelling,
cleaning and baggage loading) are performed during
turnaround: the process of servicing an aircraft at the stand
between on- and off-block. Usually several agents are
involved in this turnaround process, each performing a part of
it.

The planning tool we present here assists planners in the
establishment of a pre-tactical ground handling plan for a
given day of operations. This plan is based on the flights an
airline intends to perform, the airport’s stand availability, and
the various temporal and resource constraints to be obeyed for
the ground services. Given this initial set of constraints, the
planning tool creates a pre-tactical plan for each service
provider involved in the turnaround. To this end, a method
called temporal decoupling will be used to break up an initial
stand plan into several sub-plans, which can be solved
separately and merged again into a conflict-free pre-tactical
plan. These sub-plans correspond to actions and constraints
one single agent involved in the turnaround process has to
complete. Temporal decoupling ensures that whatever plan
execution scheme is applied by an individual agent, as long as
it satisfies all local constraints, the feasibility of the total plan
execution is guaranteed.

The tool’s main advantage comes from its capability to
support the solution of tactical or operational disruptions to
this pre-tactical plan. In the tactical or operational phase,
typically a number of disruptions will occur that threaten the
pre-tactical plan. These disruptions need to be dealt with by
re-planning part of the original plan. Of course, one does not
want to make a new planning for all turnaround activities for
that entire day. It is crucial to keep these re-planning activities
as local as possible - affecting an absolute minimum of
parties, aircraft, personnel, and resources. In current modes of
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operation, however, typically many parties will be involved in
re-planning — leading to a large co-ordination overhead. In the
plan created by the extreme decoupling tool, however, the
original plan representation has already been distributed into
independently constrained local plans. This enables parties to
solve many tactical disruptions locally, thus drastically
reducing the co-ordination overhead and saving time and
money.

The first year of this research project consisted of (1) a
literature survey on Simple Temporal Networks (STNs) and
Temporal Decoupling, (2) the development of a turnaround
model, and (3) the development of a prototype based on this
model. This paper describes in brief all three research
elements of the first year. Section 2 provides an overview of
the literature study into STNs and Temporal Decoupling.
Section 3 introduces the methodology and model that has been
developed based on the theoretical foundation laid down in
the study. Section 4 presents some of the results obtained with
the prototype. Section 5 provides a discussion. Section 6
presents ideas for future research.

II. LITERATURE SURVEY ON SIMPLE TEMPORAL NETWORKS
AND TEMPORAL DECOUPLING

The Simple Temporal Problem formalism has proven to be
very useful for the representation of and reasoning with
temporal problems. After its introduction in 1991 [1], it has
inspired many researchers to model temporal planning
problems in a variety of practical domains.

In general, a problem is called a temporal problem when time
constraints are involved. Examples of such temporal problems
range from airport planning, crew scheduling, gate-assignment
to trip planning, scheduling of meetings, etc. In particular, a
Simple Temporal Problem (STP), like any constraint satis-
faction problem, consists of a finite set X = { Xo, ..., Xn } of
variables and a set of constraints C = { ¢ | i, ] € {0, ..., n}}
between these variables.

A variable X; is called a time point variable and represents a
unique event that in an STP is characterized by its time of
occurrence. Each variable X; has to take a value in a fixed time
domain T. A constraint Cj relates two events X; and X; and
indicates the allowed distances between the time points of the
events represented by X; and X;. Every such a constraint cj; is
represented by a time interval I;; = [a;, bjj] abbreviating the
inequalities a&;; < Xj — X; < bjj or the expression X; — X; € [aj;,
bij]. Such a constraint expresses that x; has to occur at least &
time units and at most bj; time units after X;.

The time point X, is a special time point, called the temporal
reference point, that denotes an agreed-upon fixed point in
time (for example, midnight UTC on 1 March 1963). Usually
it is assigned the value 0. Therefore it is also called the zero
time-point variable, and sometimes is referred to as z.

STPs can be used to model temporal plans. Such a temporal
plan consists of a set of actions together with a set of
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(temporal) action constraints. Action constraints might pertain
to the start and ending point of one action a, thereby
constraining the time it might take to execute the action, or
might pertain to the start and ending points of two different
actions.

When modelling a temporal plan as an STP, it suffices to take
two time point variables for each action a in the plan: one
variable represents the start of the action, and the other
represents its end. Figure 1 below gives an example temporal
network with three nodes X; to X3 and the reference node, Xo.
The edges correspond to the temporal constraints and are
labeled with the minimum and maximum time (e.g., [0,150])
allowed to travel from one node to the other.

[210,210]

[0,150]

Fig. 1. A Simple Temporal Network.

In literature, a variety of algorithms exist to solve STNs in an
efficient manner [1]. A solution of an STP is an assignment X;
= 1; of values to all the time point variables X; € X such that all
constraints C;j € C are satisfied.

Having explained the basics of Simple Temporal Networks,
we now proceed to Temporal Decoupling. In a z-partition, the
set of time point variables X is partitioned into two or more
subsets X; .... X, that all have only the zero time point variable
z in common, and whose union constitutes the original set X.
A temporal decoupling of the STN S = <X, C> is a set of
consistent STNs S; = <Xj ;C>,...,Sy = <X, C;> such that
X1...,.Xq z-partition X, and any solutions for S;...;S, may be
merged to form a solution for the original STN S. In other
words, temporal decoupling guarantees that even if each of the
sub-STNs Si is solved completely independent from the other
sub networks Sj, the simple union of the individual solutions
constitutes a solution of the original network S.

In 2002, Hunsberger [3] developed an algorithm that given an
STN S = <X, C> and a partitioning of X produces a temporal
decoupling of S. For reasons of scope, only the global idea of
the algorithm will be sketched here. Suppose that STN S is z-
partitioned by Sx and Sy. An edge in the distance graph
representation is called an xy-edge, if it connects a time point
x in Sy with a time point y in Sy . If there exists a path from x
to y through z, that has a length equal to or shorter than the

length of the xy-edge itself, the xy-edge is said to be
dominated by a path through zero and may be removed. The
idea of Hunsberger's algorithm now is to add constraints c,,
and cy, for each xy-edge, until all xy-edges are dominated by a
path through zero, and thus have become redundant and may
be removed.

III. DEVELOPMENT OF A TURNAROUND MODEL

In this section we describe the development of turnaround
model based on the Simple Temporal Networks and Temporal
Decoupling theory introduced in the previous section.

The airport turnaround process can be modelled as an STN. In
this model, for each aircraft, a set of time point variables X
can be defined that contains X, the in-block and o
-block times, and the start and end times of all ground
handling activities that have to be performed. The set of
constraints C can be obtained by combining the temporal
dependencies between activities with the norm times and
minimal service times of all activities. The norm times specify
the earliest start time and maximum duration of each activity.
The minimal service times specify the minimum duration of
the activities. For planning of all ground handling processes at
the entire airport, a global STN can be constructed by
combining all STNs of individual aircraft. The temporal
reference point x0 (common to all individual STNs) can be
used to link the networks.

The following example shows how this is done, and how the
global STN can be decoupled into separate sub-STNs for each
type of ground handling service. Imagine the following,
simplified partition of an airline’s stand plan:

- Aircraft X, KL310, type B737-300, Stand A17, in-block
12:00, off-block 13:15.

- Aircraft Y, LH200, type MD11, Stand A23, in-block
12:05, off-block 14:10.

Further, assume that just two ground handling services to be
planned: fuelling and boarding. Based on the minimum
service times, defined by the aircraft manufacturer, and the
broader airline norm times, specifying start times and
durations for each service, we can now define the temporal
constraints. For aircraft X, a Boeing 737-300, these ground
handling constraints could be:

- Turnaround: Start 12:00. Duration: between 38
(minimum) and 55 min (norm). Completed: between 15
min. (earliest) and 0 min. (latest) before off-block”.

- Fuelling: Start 8 min. after in-block at the earliest.
Duration: Between 10 and 37 min. Completed: between 18
min. (earliest) and 45 min. (latest) after in-block.

- Boarding: Start 32 min. after in-block at the earliest.
Duration: between 5 and 18 min.

? This last constraint ensures that passengers will not have to wait longer
than 15 minutes on board before the flight is initiated.
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The same can be done for aircraft Y of type McDonnell
Douglas. For this type of aircraft, larger than a Boeing 737-
300, other service times apply:

- Turnaround: Start 12:05. Duration: between 51.4 and 120
min. Completed: between 15 min. (earliest) and 0 min.
(latest) before off-block.
- Fuelling: Start 11 min. after in-block at the earliest.
Duration: Between 16.6 and 59 min. Completed: between
28 min. (earliest) and 70 min. (latest) after in-block.
- Boarding: Start 80 min. after in-block at the earliest.
Duration: between 16.2 and 36 min.

Given these variables and temporal constraints, the following
STN can be constructed for flight KL310:

ri 2 o'clock W
e

(done boarding;]_] LIB:lS pmr]
_ S i

\k\ \l
[5,18] >—J0,15] e

5 — / — e ‘ L
in-block [fuelling Ldone fuelling Lboardingj off-block

=

[75,75]

Fig. 2. A Simple Temporal Network of Flight KL.310.

In this figure, variable X, is the temporal reference point: 12
o’clock. Variable x; corresponds to the moment the aircraft
goes in-block, whereas x, corresponds to the fuelling activity.
The temporal constraint [8,00] between x; and x, denotes that
fuelling can start 8 minutes after in-block at the earliest, and
that there is no direct upper bound known. Fuelling itself can
last anywhere between 10 and 37 minutes. Thus, the transition
between ‘fuelling’ x, and ‘done fuelling’ x; is constrained by
[10,37]. The same can be done for all other constraints. If no
temporal constraint is known, this is denoted by [0,0].

Of course, a larger STN can be created to encompass both
flights. As a next step, we will demonstrate how such a STN
can be decoupled. Figure 3 below shows this STN, in which
flight Y is added to flight X. The figure illustrates how the
STN can be decoupled in two parts: the first (shaded)
matching the network of the fuelling company, the second
(spotted) that of the boarding company.
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12 o'clock ]
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fuelling | i

boarding ] off—block]

Fig. 3. An STN of aircraft X en Y and a possible decoupling.

When decoupling the boarding from the fuelling company,
extra constraints should be added to ensure that no
dependencies exist between different service providers.
Below, the two STNs resulting from the decoupling are given
(Figures 4 and 5) including these extra constraints.

In Figure 4, the in-block variables x; and y; have been
excluded since they do not form part of activity fuelling itself.
Instead, temporal constraints are placed between x¢ and x; /
yo. For example, the set of constraints [5,5] and [11, oo]
between variables X, y; and y; is translated into the constraint
[16, =] between X, and y, to reflect that fuelling of aircraft Y
should start at least 5 + 11 = 16 minutes after 12:00 noon.
Similarly, the set of constraints [5,5] and [28,70] of Figure 4 is
translated into the constraint [33,75]. Apart from that, no extra
constraints have been added as a result of the decoupling.
Only a local constraint (indicated by the dashed arrow) has
been added to capture that there should be at least a 10-minute
gap between fuelling flight 1 (X) and flight 2 (Y) to allow the
fuelling vehicle and its personnel to get from stand A17 to
A23. This local constraint has been added after decoupling by
the fuelling company itself.

[10,37]

[1845

| .0...’ (
- e
| start fuellirigj .,-‘f10r0‘>] r;:}nd fuelling

" [33,75]

o

[ start fuelling

Fend fuellinéij

Figure 4: The decoupled of the fuelling service.
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In Figure 5, the boarding service is decoupled from the overall
STN. In this figure, an extra constraint is created to decouple
boarding from the previous activity: fuelling. This constraint
is the temporal constraint [45,0] between xo and x4 It is
obtained through the following process. First, constraint
[32,00] between Xy and x4 is copied from the original domain
to the boarding domain (we can replace x; with x, because of
the constraint [0,0] between them).

Other extra constraints for flight 1 follow from constraint
[0,15] between x4 and X4. Since the aircraft should go off-
block at 13:15 p.m. and boarded passengers shouldn’t wait
longer than 15 minutes, boarding should end at least 60
minutes and at most 75 minutes after in-block. For flight Y,
similar extra constraints are added.

[_1 25 o'clock—ﬁ__

/ [\
start boarding ﬁ] [f end boarding _H\

[115,130]

16,36 —
Ll Sk r)
A

¥
’\\5

,_/ \‘\ __."ll -
[ start boardingU [ end boarding |

Fig. 5. The decoupled boarding service

Having created an STN of the planning problem, and having
decoupled this STN into local STNs, we now proceed to solve
the decoupled STNs. A solution to an STN is an assignment x;
= 1; of values to the time point variables x; € X such that all
constraints ¢; € C are satisfied. For STNs, a variety of
efficient solution techniques exist (see e.g.[11] [12] ) We will
show what type of solutions may be reached when applying
these algorithms to our running example.

For Figure 4, it is not difficult to find a solution. Since for
aircraft X fuelling can start at t=8, whilst aircraft Y should
wait until t=16, it seems natural to first fuel X, then Y. If we
further assume that the fuelling company wants to minimize
the time required for fuelling (10 minutes for X, 17 for Y), we
obtain the solution depicted in Figure 6.

'I [3.8] [10,10] — [10,10] [17,17] —
‘/X 'er ' TEERED ) S Vé]
& _ S

| f\ \ /|

1\ .'I"‘ |\ /I
W 'H\ 1 /’/I

_] (.
end fuslling 1 rstart fuellirg I end fuslling ]

w
&
=
—~
c!
L
=

W
—
f

t=0

Fig. 6. An example solution for the boarding company.

In this figure, the dashed arrow between x; and y, indicates a
local constraint: the minimum time between the end of
fuelling aircraft X and the start of fuelling aircraft Y. This
constraint may depend on a variety of factors: the distance
between both aircraft, the personnel and fuelling vehicles
disposable for both services®, etc.

Figure 6 gives an example solution to one of the local STNs
that results from applying decoupling to the running example.
Using the algorithms described in [1], we can try to solve all
local STNs. As a last step, it suffices to merge these locally
solved STNs to get an overall STN. Due to the Mergeable
Solutions Property of Hunsberger’s decoupling algorithm, this
STN — the pre-tactical stand and services plan — is guaranteed
to be conflict-free.

Iv.

Based on the turnaround model and decoupling methodology
described in the previous section, a prototype has been
developed. This prototype was intended to demonstrated the
feasibility of the concept. In figure 7, a general overview of
the prototype and its input and output streams is presented.

PROTOTYPE RESULTS

(1) aircraft
manufacturer's service
times per aircraft type

(2) seasonal
stand allocation

plan \ l

Pre-
processor

Prototype:

- construct STN

- add local con-
straints

- decouple

(6) decoupled
stand and

(3) airine N
» Services plan

specified serviece—;s
times per
aircraft type

A

(4) stand matrix

(5) actor-task-resource
assignments

Figure 7: Design of the Prototype

* In this example, it is assumed that the same vehicle and personnel will
service aircraft X and Y in consecutive order. Moreover, X is located near Y,
since gate A23 is at the same pier as gate Al7 (see the original example
description).
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In Figure 7, the following steps have been implemented:

1. Read (1) the aircraft manufacturer’s minimum service
times, (2) the list of aircraft to be serviced in the stand
allocation plan, (3) the airline’s service norm times, (4)
stand matrix defining travel times between stands, and
(5) the actor-task-resource assignments specifying the
tasks each actor is responsible for (e.g. boarding and
de-boarding for the boarding company), and the
maximum number of resources available. After reading
these input files, the data extracted is stored in adequate
data structures (pre-processing).

2. Construct a large Simple Temporal Network (STN)
based on the stored data structures of inputs (1), (2)
and (3).

3. Add local constraints based on the (5) task-actor-
resources assignment to the complete STN.

4. Use decoupling to split up the complete STN into local
STNs for each service provider. Next, all local
constraints are removed to allow a maximum of
flexibility for each service provider.

5. Output the stand and services plan, listing for each
service of each service provider a plan matching the
original stand plan, to the output directory specified by
the user.

The prototype (implemented in C++) has been tested using a
realistic scenario. To this end, on August 2 2007 at 2:15 p.m.
a total of 37 KLM flights have been recorded at Amsterdam
Airport Schiphol. The performance of the prototype can be
divided into two steps that the prototype needs to perform:

- The construction of a minimum Simple Temporal
Network based on all input data
- The decoupling of the STN into local networks

In fact, both tasks were completed by the prototype within 1
second for the given scenario of 37 flights. Although the
scenario is not large, this is very quick, taking into account
that the temporal network that is constructed includes over
800 nodes and thousands of temporal constraints.

Figure 8 below gives an example output produces by (a
postprocessor of) the prototype: a graphical representation of
all flights planned in their timeslots.
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Srand plan chart

1230 1230 1430 150

lulll

KLITLS

Fig. 8. Stand and services plan produced by the Prototype (Global View)

What remains to be shown now is the tactical advantages the
decoupling approach could bring. This has not been tested yet,
but the idea behind it can be demonstrated by means of a
simple example. After running the prototype in the pre-tactical
planning phase, a set of decoupled plan representations is
created which can be utilized by the service providers to do
their own planning. For instance, a fuelling company may
receive two maximum intervals for aircraft X and Y to be
fuelled; within this interval, as we have seen, the prototype
also provides a minimum interval based on the minimum time
required to fuel these specific aircraft. Having no knowledge
about any fuelling company specific constraints, the prototype
typically chooses the earliest start time for both these
minimum intervals:

e —

Fig. 9. Example local plan for fuelling aircraft X and Y

Aircraft X
Aircraft Y

Based on this prototype output, however, the fuelling
company is free to pre-tactically plan its services as it sees fit.
As long as fuelling stays within the yellow bar, the local
solution is guaranteed to be conflict-free with respect to all
other ground handling services around X and Y. For instance,
when the fuelling company only wants to employ one fuelling
vehicle for aircraft X and Y, it may choose to locally plan
these services as follows:

Aircraft X I I
Aircraft Y I I

Fig. 10. Example pre-tactical plan for fuelling X and Y

In Figure 10, the fuelling company has added a local
constraint specifying that aircraft X should be fuelled before
Aircraft Y. Within this order, there is still some margin
(compare the orange bar with the encompassing yellow bar)
for both aircraft to slightly shift the fuelling service if
required. More importantly, both aircraft can now be fuelled
by the same fuelling vehicle without conflicting with one
another, with other aircraft to be fuelled, and with all other
ground handling activities at the airport.
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Now let us assume that on the day of operations aircraft X
arrives 5 minutes late. This means that the start and end time
for fuelling X needs to be delayed by 5 minutes. Since the
yellow rectangle is still larger than the orange one, however, it
is possible to simply adjust the scheduled time for fuelling
Aircraft X by “right-shifting” the orange block 5 minutes:

Aircraft X I:ﬁ I
Aircraft ¥ I I

1lE

Aircraft ¥ I I

Fig. 11. Tactical shifting based on a 5 minute delay of X

The result is shown in the bottom part of Figure 11. Aircraft X
will be fuelled a little later than scheduled originally, without
interfering with Aircraft Y. It was not necessary to adjust the
planning for Aircraft Y.

Let us assume however that the delay of X, originally
estimated to be 5 minutes, grows to a delay of 30 minutes. In
that case, it may not be possible to simply shift aircraft X
within its local planning margin — the delay is too large to fit
within the yellow bar. Something else needs to be done here.
Since we know that the local constraint of fuelling X before Y
was added after decoupling and by the fuelling company
itself, however, it is not difficult to find a solution.

In the original prototype output, both aircraft X and Y could
be fuelled somewhere in the entire range of the maximum
interval. Therefore, the fuelling company can simply change
its locally added constraint, fuelling aircraft Y before aircraft
X instead of the other way around. This solution is shown in
Figure 12:

Aircraft X |

a0

Aircraft X I I
Aircraft ¥ II:I |

Fig. 12. Tactical shifting based on a 30 minute delay of X

In this case, re-planning has been performed on a local level.
Because of the decoupled plan representation, produced by the
prototype, a solution could be found locally — again without
involving any other aircraft or service providers.

V. DISCUSSION

In this paper we have presented the first results of a new
approach for planning: extreme decoupling. This new
approach has been applied to the domain of ground handling,
demonstrating that in this domain pre-tactical planning based
on decoupling actually works. Next, by use of a number of
illustrative examples, we have shown that the approach can
offer important tactical advantages. These advantages will
show up when disruptions necessitate re-planning of the
original plan. In these cases, the decoupled local plans offered
by the proposed new planning approach ensure that re-
planning can be kept as local as possible — whilst guaranteeing
that a solution does not conflict with other plans. This enables
ground handlers to solve many tactical disruptions locally,
thus drastically reducing the co-ordination overhead involved
in negotiating with other parties. Given the large number of
plan disruptions occurring daily at airports, and the increase
expected in air traffic, such a planning tool seems to be a
valuable asset.

VI. FUTURE RESEARCH

In the future, a number of new steps are foreseen. First of
all, the prototype developed in Year I shall be extended
towards a full-blown planning tool, assisting the user by
means of a graphical user interface into the pre-tactical
planning of a large variety of ground handling services.
Second, the planning tool shall be tested against a much larger
scenario; further, testing of its tactical advantages should be
performed in a realistic setting involving real planners to
quantify the tactical benefits of the approach. Third, software
support can be offered to the user when re-planning its plan
based on the decoupled output of the initial prototype.

Apart from this, some entirely new features are foreseen to be
added to the existing model and prototype. First, an extension
of the model is foreseen involving the allocation of resources.
To this end, the travel times of resources between stands, the
number and availability of vehicles or personnel and other
constraints will be added to the model and planning tool. This
will allow local planners to use their own task assignment
system to determine at any point in time which task should be
executed when, and by which resource.

Additionally, some of the ideas presented in brief in chapter 7
of this document can be further developed to enhance the
flexibility of the decoupling approach. For instance, future
research could focus on the level of decoupling. The domain
may be partitioned not into separate ground handlers, as is
done now, but to a next level: into individual equipment
(fuelling vehicles, catering vehicles, etc.) or personnel.
Alternatively, one may group certain service providers
together (e.g., cleaning and catering) for reasons of efficiency.
Yet another topic concerns the implementation of a
mechanism to upscale the level of decoupling when local re-
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planning is not feasible. In such a mechanism, a new
decoupling is produced to group two (or more) service
providers together if either one of them cannot find a re-
planning solution individually.

VII. PUBLICATIONS IN THE PROJECT

The first year of research has resulted in a research paper
presented at the IMCSIT-conference in Poland in October
2007 [6].
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INO CARE III "Towards Fault-Tolerant Cooperative
Air Traffic Management"
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Abstract—This report summarizes the work performed at
LIP6 on the INO CARE Il project "Towards Fault-Tolerant
Cooperative Air Traffic Management' during the year 2007.

Index Terms—Air Traffic Management, Fault-Tolerance,

Multi-Agent Systems, Replication

I. MOTIVATION

BECAUSE of its very large scale, complexity, and
dynamicity, we believe that the future of air traffic
management lies in hybrid distributed cooperative control
systems, including human experts (air traffic controllers) and
also intelligent computer support through artificial agents. As
a distributed application, air traffic management control
includes possibility of partial failures, as this is a fundamental
characteristic of distributed applications.

The fault tolerance research community has developped
solutions (algorithms and architectures). For air traffic control,
the focus of activity and criticality may depend on many
dynamic properties, related to the air traffic domain (e.g.,
locations of planes, flight plans, congestion in airports,
dependences between controllers, etc.), as well as to the
computational domain (dependences between assistant agents,
relative importances of information servers, roles of agents,
etc.).

In consequence, our long-term approach is to enable the
multi-agent system itself to dynamically identify the most
critical agents and to decide which fiabilisation strategies
should be applied to them (e.g. based on the concept of
replication). Air traffic control is a domain where such a
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technology would find an application. This is the reason why
this project was born.

However, we know that finding a real application is no easy
matter. Therefore, our short-term (first-year) objective was to
select some scenarios with Eurocontrol in the field of air
traffic control to better evaluate and assess our approach.

II. METHODOLOGY FOLLOWED DURING THE FIRST YEAR

A. Short-term

Through project meetings and contacts with Eurocontrol we
tried to elicit guidelines for the construction of an eDEP-based
demo to establish a common ground of understanding, as a
basis for future and more elaborate studies.

Our starting point was our representation of the ATC
system based on the previous work of Minh Nguyen-Duc at
Eurocontrol (Nguyen-Duc [17]). Our main tool was the
simulation platform eDEP [5][6], for which we obtained a
license from Eurocontrol. Due to the Java-based modular
structure of eDEP, it is possible to "plug-in" additional
mechanisms such as software agents (also written in Java,
using the DimaX platform). The heart of the matter is that
these agents then execute in the context of an eDEP-based
simulation, thus demonstrating their possible usefulness.

The first demo that we produced was shown at the kick-off
meeting of the project, on May 7th, 2007, and referenced a a
video on the project's web page. It was based on the assistant
agent concept and purported to exhibit a hand-over procedure.

Two CWPs (Controller Working Positions) representing
two adjacent sectors appear in the simulation. Each of the two
CWPs is equipped with a DimaX "assistant" agent which
monitors the simulated air traffic. In particular the two
assistant agents detect aircraft that cross the boundary between
the two sectors, and will start an hand-over. The detection is
materialized by the appearance of a window carrying the
collected information. Our goal was to prove the technical
feasability of plugging in agents that would operate inside an
eDEP simulation.
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However this set-up did not meet Eurocontrol's
expectations, which are concerned with the future ATC
system needed to cope with the forecast growth in air
traffic. In particular, the future system shall integrate a
number of safety and decision-support software tools (see the
First ATC Support Tools Implementation (FASTI) program
Petricel and Costelloe 2007 [18]). This will increase the
human controllers' capacity (by flagging up problems and
possibly suggesting solutions) at the expense of a
complexification of their task. Our first proposal did not take
account of that important aspect, and we were asked to
concentrate on it.

We then had meetings in May, June and July with
Eurocontrol representatives at Brétigny, Brussels and in Paris
who gave us a most valuable advice and documentation. On
this basis we produced a second demo which was shown at
our second project meeting on September 4th. The principle of
this demo was accepted. Its technical contents are presented
herafter in the Results section.

B. Long-term

Most of the deliverables of the project are concerned with
contributions of a fundamental nature, independent of a
possible application scenario (deliverables #3 to #8).
Accordingly, research work went on in the normal way at
LIP6, with students working and publishing on their doctoral
theses (see the Results and Own references sections).

Two doctoral students were mainly concerned by the
project, namely Nora Faci and Alessandro de Luna Almeida.
Nora's dissertation is to be defended on December 6, under the
title Un Mécanisme de Réplication Adaptatif pour la
Conception et le Controle de SMAs Large-échelle Tolérants
aux Fautes (An Adaptative Replication Mechanism for the
Design and Control of Falut-Tolerant Large-Scale Multi-
Agent Systems). Alessandro's defense is planned for the first
term of 2008.

III. RESULTS OF THE FIRST YEAR

A. Short-term

N.B. This section is based on a paper currently submitted
for publication :

A multi-agent approach to reliable Air Traffic Control,
by Minh Nguyen-Duc, Zahia Guessoum, Jean-Francois Perrot,
Jean-Pierre Briot [O4].

Our main result is to demonstrate how a MAS (Multi-Agent
System) can be integrated in ATC software in a meaningful
way. This forms the basis of future experiments concerning
fault-tolerance issues of the MAS. For the time being, our
contribution to fault-tolerance of the global ATC system
resides in the role that our agents can play in helping human
controllers manage their armada of support tools. Our idea is
that the safety and power that the tools are expected to
provide will only become effective if the controllers are
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able to make the most of the functionalities of their tools.
We argue that the best way to prove a support system’s
reliability is to show that the ATC system, as a whole, can
still provide full traffic control services when errors
suddenly appear, by adopting a Degraded Mode of
Operation (in the terms of the Guidance Material for
Contingency Planning (ESP 2007 [6]).

1. Distributed ATC system :

The airspace is divided into many sectors the size of which
depends on the average traffic volume and on the geometry of
air routes. These sectors are grouped into regions each of
which is under control of a single control center. For example,
the Athis-Mons center is responsible for the air traffic in the
Parisian region. There are usually two air traffic controllers
to handle the traffic in each air sector: an executive
controller who communicates with pilots, and a planning
controller who plans his colleague’s work.

To be precise, we consider that different control centers are
all connected with a common flight data-processing center
through the inter-center network (a WAN). On the other hand,
in each control center one (or several) application server(s)
host(s) the various software tools in use. These application
servers are connected with the Controller Working Positions
(CWP) by means of a local network (LAN). The LANs of the
various control centers are connected via the inter-center
WAN.

This architecture is summarized in Figure 1 below :
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Figure 1. Basic future ATC system architecture.

A typical example of support tool is the Medium-Term
Conflict Detection (MTCD) (see Petricel and Costelloe [18]).
Once aircraft trajectories have been predicted, they can be
used to detect medium-term conflicts. There also exist many
other tools such as Short-Term Conflict Alert (STCA),
MONitoring Aid (MONA), Airspace Penetration Warning
(APW), and Minimum Safe Altitude Warning (MSAW).

Our aim is to provide each controller with a bird’s eye
view of this complex environment. In this setting
information will be displayed about the state of the various
tools as well as warnings if necessity arises. The obstacles
created by distribution over several computers are taken
care of by managing communication over the network. For
such a purpose a MAS is a natural choice. Here is a sketch
of a typical situation we wish to handle.

2. Outline of an example scenario
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We consider two (executive) controllers (called Co; and
Co,) who are responsible for two neighboring sectors
(called Sip and S;y), separated by the border between two
control centers (called A and B). They are often in handover
situations, i.e. they have to transfer the control of aircraft
flying from one sector to the other (and therefore from the
resonsibility of one control center to the other center). One
of their main concerns for controllers is to deal with
conflict situations where e.g. the trajectories of two aircraft
are getting dangerously close.

Suppose that at a given moment there are several
potential conflicts among which a particular one concerns
two aircraft: THO03 flying from sector Syg to sector S;,, and
THO004 flying in the opposite direction. Suppose also that
conflicts are going to happen in S;g. We try to assess the
possible behavior of controller Co; who is responsible for
this sector.

Control centre A
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Figure 2. Typical example: THO01, TH002 and THOO03 fly from Sy to Si;
THO04 flies from S;, to Sip; THOOL is potentially in crossing conflict with
THO002 and THO03; THO03 and THO04 are potentially in opposite conflict.

Conflict prevision on Co0;'s sector is normally performed
by his copy of MTCD. On each detected conflict, he has to
choose between solving it (by asking some trajectory
change from one of the pilots) or postponing its solution.
For this purpose, S;g manages an ordered list of detected
conflicts. Therefore, he needs to decide to (or not to)
resolve a conflict at least T minutes before it happens.
Indeed, T is common to all the detected conflicts, and it has
to be sufficiently large so that the controller can perform
good conflict sequencing.

Suppose now that a network failure occurs. More
precisely, center B is disconnected from the flight data-
processing center (see the basic ATC system architected
illustrated by Figure 1). Consequently, a demand for exit
flight level change for THO004 sent by Co, to the data-
processing center is lost. At the same time, the flight data
of THOO04 are no longer accessible from center A and
therefore unusable for Co;’s MTCD.

This failure prevents Co,’s MTCD from detecting
potential conflicts not only for TH004, but also for all the
aircraft flying from center B. However, it still correctly
detects the “local conflicts” that only concern the aircraft
flying in Co;. So we can see it as “locally available”.

Consider now controller Co;’s reaction to the
unavailability of his MTCD: in order to continue managing
as efficiently as possible his list of detected conflicts, he
clearly needs to be informed of

a) the global unavailability of his tool, which means that

he now has to detect himself all potential conflicts.

b) its "local availability", which conversely implies that
he can still trust his MTCD for aircraft that are currently
in his sector.

We conclude that the information that should be
delivered to controllers in case of some dysfunction may be
of an elaborate nature. We are trying to provide this sort of
messages through a Multi-Agent System. We describe this
system in two steps: first the individual agents, then their
organization.

3._Agents
Since our agents have to take care of the monitoring of

software tools and of the communication with the
controllers, we use different kinds of agents collaborating
to perform these two common tasks. We currently use two
monitoring agents for each tool, i.e. a data sentinel and a
computation sentinel, and as well as an assistant agent for
each controller. Their respective roles may be described as
follows:
1 Data sentinel agent: observes the input and output data
of a specific software tool and communicates with other
agents in order to discover data losses;

2 Computation sentinel agent: observes the input and
output data of a specific software tool and
communicates with other agents in order to discover
computation faults;

3 Assistant agent: communicates with other agents in
order to determine the automated tools’ availability, and
informs a controller of this availability; an assistant
agent can observe the controller’s actions in such a way
that it can notify the monitoring agents of relevant
events.

Note that these agents need not to be very complicated. A
monitoring agent simply reacts to technical incidents that it
discovers itself or of which it is notified by other
monitoring agents. An assistant agent is endowed with
some limited reasoning capacity allowing it to propose
predefined corrective actions to be performed on well-
known incidents. The simplicity of the agents brings to the
MAS not only more reactivity, but also more robustness.
Any agent can be implemented as a single-threaded object
in order to ensure its reliability as discussed below.

4. MAS organization
On each LAN in a control center we install a group of
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coordinated agents that are distributed over the whole local
network. Each local group of agents is composed of assistant
agents and of monitoring agents. We associate with each
Controller Working Position (CWP) an assistant agent. Each
tool instance is observed by monitoring agents. It should be
noticed that monitoring and assistant agents may be hosted on
any of the machines, or even on additional independent
network nodes, as long as they retain the capacity to display
information on the controller’s client machine.

When an incident occurs, the related tool’s monitoring
agent first discovers the critical situation by using the data
it gathers from the tool’s input/output, as well as the
information it receives from other monitoring or assistant
agents. It then transmits information about the tool’s state
to the assistant agents of the CWPs that use this tool. These
assistants  display green/yellow/red flags on their
controller's screen, thereby indicating the tool’s total/partial
availability, together with the relevant information.

By exchanging observed tools’ data and controllers’
actions with each other, the agents are able to notify the
controllers of what actions they should consider taking after
the perturbation caused by the incident. For instance, in the
scenario presented above and explicited below, the
monitoring agents exchange events of request for data
change so that they can find out lost data due to network
failures. Then when the controllers see this information
shown by their assistants, they know that the related
aircraft’s flight plan is inconsistent and that they cannot use
MTCD to detect conflicts for it anymore.

5..eDEP-based simulation

To our knowledge, the future ATC system envisioned by
Eurocontrol is not yet implemented. Moreover, any novel
application to a critical system like ATC has to be
extensively tested in simulations before its real world
implementation. Therefore, we built our MAS into a
simulation environment, thus turning it into an Agent-
Based Simulation (ABS). For this purpose we used the
eDEP platform (Early Demonstration & Evaluation
Platform) in its latest version eDEP 2007 [6], which offers
not only realistic air traffic data but also a distributed
simulated ATC environment. Since eDEP is implemented in
Java, we programmed our MAS with the Java-based DimaX
platform (Développement et Implémentation de SMA au-
dessus de DarX) (DimaX 2007 [4]).

eDEP uses RMI (Remote Method Invocation) to distribute
its components over a LAN. It provides a set of standard ATC
entities, e.g. “airspace” (a database of static airspace
information); “integrated air surveillance” (a database of
surveillance radar tracks); “initial flight plan” (an initial plan
that defines route constraint points and altitude limits);
“trajectory predictor” (a trajectory prediction algorithm which
uses aircrafts’ kinematic models to predict the real motion of a
particular aircraft); and Controller Working Position (the
principle graphical interface to the system based on a plan
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view display of the control sector).

The support tools for air traffic controllers, e.g. STCA and
MTCD, are implemented in ¢eDEP as independent components
which can run on different machines.

DimaX gives a generic and modular agent architecture, and
allows high heterogeneity in agent types (reactive, deliberative
and hybrid). It is based on the extension of modeling and
implementation  facilities offered by object-oriented
languages. In DimaX, an agent at the smallest granularity is
simply a single-threaded object, and a complicated agent can
be constituted by smaller agents. Also, this platform allows
adding new behaviors to any agent by using integrated
programming libraries.

Since we would like our MAS to be used in a critical
socio-technical system like ATC, the MAS itself has to be
reliable. DimaX can help with developing such MAS. This
multi-agent platform is the result of the integration of its
previous generation (named DIMA) with a fault-tolerance
framework (namely DarX : Marin et al. 2003 [16]), which
brings in services, e.g. Fault Detection Service and
Replication Service, which automatically makes any MAS
built from DimaX fault-tolerant.

In our current simulations, we manage at least two
Controller Working Positions (implemented by the CWP
component in eDEP), belonging to two different control
centers. The LAN of each control center is realized on at least
two computers (one for the CWP and the other for the
application server). The data-processing center is realized as a
separate third machine. This machine together with the two
LANs make up our image of the inter-center WAN. On each
application server runs a copy of each of five tools, i.e.
MTCD, STCA, MONA, APW, MSAW (also as eDEP
components).

The integration of our DimaX agents and eDEP
components follows the FIPA 2001 Agent Software
Integration Specification . The DimaX platform already has
a generic wrapper agent ready to provide any other agent
(e.g. a monitoring agent or an assistant agent) with services
which allow this one to connect to the eDEP components it
requires. Special wrappers are then built by extending the
generic one.

Using the three agent types explained above (paragraph
3), as a first step we install two monitoring agents and two
wrapper agents for each software tool:

1 XXX _DataSentinel, and XXX_ComputationSentinel:
they observe the XXX' component’s input/output data
and communicate with other agents in order to discover
faults;

2 XXX_ObservationWrapper, and
XXX_GeneralWrapper: they are special wrappers which
respectively provide XXX observation and general-
purpose services to the two other XXX agents;

' Tool name, e.g. MTCD or STCA.
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Figure 3. CWP_Assistant’s user interface.

Additionally, we endow the CWP with a CWP_Assistant which communicates
with other agents in order to determine the availability of the automated tools,
and to show this availability in its user interface. Figure 3 illustrates the
CWP_Assistant’s user interface. It uses green/yellow/red flags to display the
tools’ status.

6. Simulation of the example scenario
The experiment runs on the following interconnected
machines:

1 Two client machines hosting two CWPs for two
controllers belonging to two different control centers
(centers A and B).

2 Two tool servers hosting two MTCD instances for the
two control centers.

3 One data server placed in the common flight data-
processing center.

In this scenario, we only consider a disconnection of a
controller center from the flight data-processing center.
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Figure 4. All machines run smoothly and are fully
connected in a handover situation.

At first, all machines run smoothly and are fully
connected in a handover situation (e.g. there are aircraft
flying from the control center B to the control center A).
Each controller has unlimited access to the tool server on
his LAN and can freely obtain the flight data he needs. The
assistant agents display green labels indicating that the
software tools are working at full capacity.

Control centre A Control centre &
3] ™y

-4 ’w/

5. .umlanr

T ﬁara change trans.

Observation

#7 o Data change trans.
iy iy

o
| e

.‘nreracu-‘nn

Bl
Data Data transmizsion

MTCD Data trags.

Figure 5. Control center B is disconnected from
the flight data-processing center (1% phase).

The controller in center B (called CB) then makes a flight
data change request (e.g. a demand for exit flight level
change for an outgoing aircraft). However, due to some
accident, control center B has been disconnected from the
flight data-processing center. Due to the disconnection, this
request is not sent to the data center.

Now, CB’s assistant agent detects that a data change
request was issued by CB. It notifies the data sentinel agent
of MTCD in B of this request. This agent in its turn informs
the monitoring and assistant agents in control center A
through their simulated WAN connection.

The data sentinel agent of MTCD in A discovers that no
such flight data change was received from the data-
processing center. This also means that the flight data
concerning an aircraft which is controlled by center B are
no longer accessible from A and therefore are unusable for
conflict detection.

In consequence, the assistant agent of the controller in
center A displays a yellow flag, informing his controller
that the software tool is only available locally, i.e. it only
gives correct results for aircraft under control of center A.
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Figure 6. Control center B is disconnected from
the flight data-processing center (2™ phase).

Knowing this, the data sentinel agent of MTCD in
control centre A signals back to the monitoring agents in B
that there was on its side a flight data change request which
was not taken into account. This agent notifies the CB’s
assistant agent of this incident.

Finally, the CB’s assistant agent then displays a red flag,
informing his controller that the software tool is now
unavailable.

7. Related Work

In order to take into account human factors in critical
socio-technical systems, published research either specifies
users” working procedures or applies system design
methods that help to prevent human errors. Little work has
dealt with the daily relation between human operators and
their powerful equipments, particularly in situations where
technical incidents happen. On the other hand, fault-
tolerant methods applied to this kind of system have mainly
solved purely technical reliability problem.

Concerning the use of so-called “sentinels” in fault-
tolerant component-based systems, as well as in certain
MAS, the work of Klein, Dellarocas and colleagues [2, 14,
15] is also related to the monitoring of a complex critical
system. However, they do not use simple communicating
sentinel agents but complicated “sentinel components” to
detect and deal with exceptions occurring inside application
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components. These “big” sentinels hence have their own
reliability problem. Besides, Higg [13] and Shao et al.[20,
21, 22] employ sentinel agents to detect and recover errors
in negotiation processes between other BDI agents.
Nevertheless, these application agents have to be “small”
enough for the sentinel agents to be able to fully inspect
their code. This condition does not hold in a system having
complicated equipments like ATC.

B. Long-term research

Our main results this year deal with estimating agent
criticality and with the allocation of resources (placing
replicas on machines). Recall that the criticality of an agent is
informally defined as follows, with respect to organization of
agents to which it belongs: it is the measure of the potential
impact of the failure of that individual agent on the behavior
of the whole organization.

We are currently experimenting with several strategies in
order to estimate the criticality of an agent. The issues are:

What kind of information will be pertinent ?

And how can we obtain it ? (statically or dynamically, in a
way explicitly stated by the application designer, or inferred
by external observation, e.g., amount of messages exchanged,
or by internal observation, e.g., plans of an agent, etc.).

As a first strategy (Zahia Guessoum et al. 2005, 2006 [11,
12]), we used the concept of a role, because it captures the
importance of an agent in an organization, and its
dependences to other agents. A role, within an organization,
represents a pattern of services, activities and relations. As
such, it captures some information about relative importance
of roles and their interdependences. The examination of
further strategies was continued in 2007.

1. Strategy for estimating agent criticality based on
dependencies

In this second strategy, we use the notion of dependence
between agents as a clue for estimating criticality. Intuitively,
the more an agent has other agents depending on it, the more
it is critical in the organization. Interdependence graphs were
introduced to describe the interdependence of agents. These
graphs are defined by the designer before the execution of the
multi-agent system. However, complex multi-agent systems
are characterized by emergent structures which thus cannot be
statically defined by the designer.

Our approach is to explicitly represent dependencies
between agents as a weighted graph, and to provide a
mechanism to automatically update its respective weights
according to communications between respective agents. This
graph can then be interpreted to define each agent's criticality
(Nora Faci [O5]).

2. Strategy for estimating agent criticality based on plans
In this setting, agents are supposed to hold plans
(represented as and-or graphs or as Petri nets) and to be
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willing to communicate them. An algorithm is proposed to
compute the criticality of agents using the plans they provide.
This algorithm has been tested and found (1) more efficient
than a random strategy (2) almost as efficient as the optimal
strategy (without any failure). (Alessandro de Luna Almeida
etal. [O1)]).

For a systematic comparison of strategies for the evaluation
of criticalities, see Deliverable #5 Comparative Study of the
Various Decision/Information Strategies and Models for
Controlling Replication-Based Fault Tolerant Multi-Agent
Systems. As regards the possible use of a strategy based on a
multi-criteria approach or on a "ranking" technique, see
Deliverable #8 Multi-Criteria Decision Aggregation and
Ranking Approaches for Combining Multiple Information
Strategies to Decide Which Agents should be Replicated.

The problem of optimal allocation of replicas over the
network is a second step towards global reliability of the
overall system.

3. Market-based mechanism for replica allocation

We introduce a QoS-based economic model (QoS for
Quality of Service) because the economic approaches have
provided a fair basis in successfully managing resources that
are decentralized and heterogeneous. The proposed economic
model aims to provide QoS guarantees at the application level.
It is based on a replication-service negociation between the
resource providers and the consumers. This negotiation
attempts to improve the quality of the replication service (e.g.,
optimize the number of failures and the performance of the
system). (Nora Faci [O5] Zahia Guessoum et al. [06] )

4. Heuristics for optimization of replica allocation based on
an evaluation of available resources

The DarX middleware provides a failure rate for each
machine on the network. From it a probability of agent failure
is computed, as a function of the machines on which the agent
is replicated. The resource allocation problem is formulated in
a way that permits a near-optimal allocation of replication
resources based on the criticality of the agents and on their
failure probability. Near-optimality means that critical agents
have a low failure probability.(Alessandro de Luna Almeida et
al. [02] [03]).

IV. DISCUSSION

In section III we describe the way in which a MAS can help
in mitigating the effects of software malfunction in a complex
critical system like ATC and building confidence for its users,
i.e. air traffic controllers. Because of safety restrictions,
experiments on real traffic control are not allowed. Therefore,
we have developed an Agent-Based Simulation by using the
ATC simulation platform eDEP, and the multi-agent platform
DimaX. The software agent integration has followed the FIPA
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2001 specifications.

This simulation has been used to demonstrate the
usefulness of our MAS for the future ATC system to air
traffic controllers. Indeed, we run a typical applicative
scenario that shows the reaction of our MAS to the instant
unavailability of a software tool due to a network failure.
The next step will be to perform human-in-the-loop
experiments with controllers in order to validate the
conformity of the information provided to them with what
they require in situations where some software tools are not
available.

However, the agents themselves, like any supplementary
layer added to a system, bring their own liability to fault. A
natural extension of the present work will be to set up
mechanism for ensuring a degree of fault-tolerance at the
agent level, which would be of a computational, domain
independent nature. The possible techniques would include
adaptive replication and exception handling (Marin et al.
2003 [16], see also Deliverable #7).

Of course, the complete realization of the project would
be obtained with an experimental system where the
replication technique described in the long-term subsection
I11.B would be used to ensure fault-tolerance in an extended
version of the simulation described in subsection III.A.

V. OPEN ISSUES SELECTED FOR NEXT YEAR

In order to experiment with the application to our
scenario of the replication-based techniques, we need
precise information about the intended implementation of
the future ATC system.

This would address both the architecture of data exchange
and the installation of support tools. Notably, it essential to
have more details on the way software tools are distributed
over the local network of each control center (how many
application servers ?) as well as details on the communication
pattern between them. It would also be important to know
which reliability techniques are planned to be used.

VI. OWN PUBLICATIONS ON THE PROJECT

[01] Alessandro de Luna Almeida, Samir Aknine, and Jean-Pierre Briot.
Plan-based resource allocation for providing fault tolerance in multi-
agent systems. In 3rd Workshop on Software Engineering for Agent-
oriented Systems (SEAS'2007), co-located with the 21th Brazilian
Conference on Software Engineering (SBES'2007), pages 3-14, Jodo
Pessoa, PB, Brazil, October 2007. Sociedade Brasileira de Computagio
(SBC), Brazil. also part of Deliverable #4.

[02] Alessandro de Luna Almeida, Jean-Pierre Briot, Samir Aknine, Zahia
Guessoum, and Olivier Marin. Towards autonomic fault-tolerant multi-
agent systems. In The 2nd Latin American Autonomic Computing
Symposium (LAACS'2007), Petropolis, RJ, Brazil, September 2007. also
part of Deliverable #4.

[03] Alessandro de Luna Almeida, Samir Aknine, and Jean-Pierre Briot.
Dynamic resource allocation heuristics for providing fault tolerance in
multiagent systems. In 23rd Annual ACM Symposium on Applied
Computing (SAC'08), Fortaleza, CE, Brazil, March 2008. To appear.

[04] Minh Nguyen-Duc, Zahia Guessoum, Jean-Frangois Perrot, Jean-Pierre
Briot. A multi-agent approach to reliable Air Traffic Control,
submitted to ABModSim 2008 (Second International Symposium on
Agent Based Modeling and Simulation)

Nora Faci, Un Mécanisme de Réplication Adaptatif pour la Conception
et le Controle de SMAs Large-échelle Tolérants aux Fautes. Thése
d'informatique, université de Reims, décembre 2007.

Zahia Guessoum, Jean-Pierre Briot, Nora Faci, Olivier Marin.
Towards Reliable Multi-Agent Systems: An adaptive Replication
Mechanism. Submitted to MAGS (Multiagent and Grid Systems), [0S
Press.

[05]

[06]
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Safety Modelling and Analysis of
Organizational Processes in Air Traffic

Sybert H. Stroeve, Alexei Sharpanskykh, Henk A.P. Blom

Abstract— This paper presents the results of the first year
research in the EUROCONTROL CARE Innovative Research
111 project on safety modelling and analysis of organizational
processes in air traffic. It is the objective of this research project
to enhance safety analysis of organizational processes in air
traffic by development of formal approaches for modelling,
simulation and analysis of organizational relationships and
processes. These approaches should explicitly relate
organizational processes at the blunt end (e.g. management,
regulation) with working processes at the sharp end where
accidents may occur. The year-1 research includes a literature
survey, leading to identification of promising approaches, and
application of the most viable approach to an air traffic case on
safety occurrence reporting. The applied approach describes a
formal organization in three views: (1) organization-oriented
view, describing roles, their interactions and authority relations,
(2) performance-oriented view, describing goals and
performance indicators, and (3) process-oriented view,
describing tasks, processes, resources and their relations. A
fourth agent-oriented view represents the link between the role-
based formal organizational model and the agents that fulfil the
roles. The performance of the agents is determined by the formal
organization, but also influenced by the stochastic dynamics of
interacting agents. With these four interrelated views a broad
scope of organizational modelling can be achieved. The modelling
approach supports safety assessment by identification of
inconsistencies and evaluation of safety-relevant performance
both at the level of the formal organization and at the level of
interacting agents.

Index Terms—Safety, Organization, Air Traffic, Modelling

I. INTRODUCTION

N complex and distributed organizations like the air traffic

industry, safe operations are the result of interactions
between many entities of various types at multiple locations.
Such organizations can be described at various aggregation
levels. At a high aggregation level, such a description discerns
companies/corporations (e.g. air traffic control centres,
airlines, airports, regulators), zooming in at lower aggregation
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levels it discerns departments/groups (e.g. safety department,
control tower group, operational management team), and at
the lowest aggregation level it distinguishes the performance
of single human operators executing organizational tasks in
their organizational habitats, usually including knowledge and
procedure intensive interactions with technical systems and
other human operators (e.g. pilots, air traffic controllers,
maintenance personnel, supervisors). In safety-focused
organizations like airlines and air traffic control centres, it is
crucial to have a good understanding of the organizational
structures and dynamics at the different aggregation levels,
since misconceptions and inconsistencies in the organizational
structure and dynamics may contribute to the development of
incidents and accidents.

The importance of proper organizational processes for the
safety of complex operations is currently well realised. It is
generally acknowledged that the level of safety achieved in an
organization depends on the constraints and resources set by
people working at the blunt end (e.g. managers, regulators),
which determine the working conditions of practitioners who
are directly controlling hazardous processes at the sharp end
(e.g. pilots, controllers, physicians). The well known Swiss
cheese model of Reason [1] illustrates that accidents may
occur if multiple holes, reflecting active failures and latent
conditions in an organization, are aligned. Early ideas about
the evolution of accidents in complex sociotechnical systems
have also been put forward by Turner [2] and Perrow [3].

In the literature and in the risk assessment practice, the
recognition of the importance of organizational processes for
safe operations has mostly been accommodated by high-level
conceptual models and to some extent by organizational
influencing factors in accident models. Predominantly, formal
risk assessment approaches focus on fault/event tree type of
analysis, which uses sequential cause-effect reasoning for
accident causation. Recent views on accident causation
indicate that these types of accident models may not be
adequate to represent the complexity of modern socio-
technical systems [4]-[10]. Limitations of frequently applied
accident models as fault/event trees include the difficulty to
represent the large number of dynamic, non-linear
interdependencies between organizational entities and their
restrictive error-view on human performance.

To adequately account for the effects of the complexity
of socio-technical organizations in safety assessment, above
views indicate that we need analysis approaches that account
for the wvariability in the performance of interacting
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organizational entities and the emergence of safety
occurrences from this variability. In the terminology of
Hollnagel [4] this is a systemic accident model. The systemic
view considers accidents as emergent phenomena from the
variability of an organization and thus passes the limitations of
sequential accident models in accounting for the dynamic and
non-linear nature of the interactions that lead to accidents. In
current risk assessment practices, formal models that describe
the variability of organizational processes and its effect on
safety-relevant scenarios are largely lacking.

As a way forward for description of organizational
structures and processes and inclusion thereof in air traffic
safety assessment methods, NLR and Vrije Universiteit
Amsterdam collaborate in an EUROCONTROL CARE
Innovative Research III project. It is the objective of this
research project to enhance safety analysis of organizational
processes in air traffic by development of formal approaches
for modelling, simulation and analysis of organizational
relationships and processes. These models should describe the
organization at different aggregation levels and should lead to
emergent safety issues as result of performance variability and
interactions of organizational entities. In other words, it is
intended to develop an approach for systemic accident
modelling of air traffic organizational processes.

The first year of this research project consists of (1) a
literature survey on safety modelling and analysis of
organizational processes, and (2) a first application of
identified methods to a safety-relevant organizational process
in air traffic. This paper describes both aspects of the first
year. Section 2 provides an overview of approaches identified
in the literature and our view how these can be used for
systemic accident modelling of organizational structures and
processes. Section 3 introduces an air traffic case for safety
occurrence reporting and describes the development of an
organizational model for this case. Section 4 presents the
kinds of results that are obtained by the organizational
modelling approach. Section 5 provides a discussion. Section
6 presents ideas for future research.

II. LITERATURE SURVEY ON MODELLING OF ORGANIZATIONAL
SAFETY

As a basis for the research on safety modelling and analysis
of organizational processes, a wide-scope literature survey has
been done [11]. This survey considers a variety of sources and
viewpoints, which are presented in the following list.

e Accident models, describing views and models for
accident causation in an organizational context. These
models include sequential, epidemiological and systemic
accident models.

e Human performance and human error, describing human
performance in an operational context and the effect of its
variability on the evolution of safety-relevant events.
There exists a large volume of research on human factors
and its relation to safe operations. Historically, there has
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been a considerable emphasis on human error and its
analysis in sequential and epidemiological accident
models. In systemic accident modelling the focus is not
on human error as such, rather the effects of variability in
human performance are analysed for the role of the
human in the organization.

e Organizational and safety culture, describing culture in
an organization and its effect on safety. These aspects can
be seen as conceptional reflections on the variability in
work processes, i.e. as moderators of the variability in the
human performance. In other words, they reflect the
impact on “the way we do things around here”, which is
an informal, behaviour focused notion of organizational
culture [12].

e  Multi-agent models, describing models of agents and their
interactions for the representation of emergent behaviour
in complex multi-agent systems.

e Organization theory, describing views on structures and
dynamics of human organizations using methods from a
wide variety of disciplines as economics, psychology,
sociology, political science, anthropology, and system
theory; related practical disciplines include human
resources and industrial and organizational psychology.

e Enterprise architectures, describing enterprise-wide,
integrating modelling frameworks used to represent and
manage business processes, information systems and
personnel.

The first three aspects considered in above list belong to the
core of safety science and are well known by researchers in
ATM safety. The last three aspects are less well known and
consider descriptions of formal structures and relations in
organizations, as well as multi-agent models to evaluate
complex dynamic int