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Air traffic capacity is mainly bound by air traffic controller workload. In order to effectively find solutions
for this problem, off-line pre-experimental workload assessmenmethods are desirable. In order to better
understand the workload associated with air traffic control, previous research introduced the static Solution
Space as a possible workload metric. The Solution Space Diagram is a pging of intruding aircraft trajec-
tories to the velocity/heading plane in the form of Conflict Zones and afe areas. Choosing a velocity vector
in either one will provide an unsafe or a safe solution, respectivelyin this paper an improved, dynamic Solu-
tion Space will be tested for correlations with air traffic controller workload, measured experimentally. A two
dimensional experiment has been conducted, where subjects veerequired to line up all aircraft in a sector
towards a certain waypoint, while continuously providing subjective workload ratings. High correlations were
found between several Solution Space parameters and the subjeve workload. Even though a conventional
workload metric shows also to be highly correlated to the measured @rkload, the Solution Space could be the
scenario independent workload metric that is currently missing in air traffic controller workload determina-
tion.

[. Introduction

While the world bows for the inevitable forces of the globadit crunch, this same crunch is attempting to take
over the lead position in a list of possible reasons why affitrcannot grow as fast as would be expected or might be
desirable. The assumed number one position on that listgoza number of years, and still a reason worth exploring
even now, has been Air Traffic Controller (ATCo) worklo&ad.

ATCo workload has been recognized as having an importanteinfle on airspace capacity and safety and the
effect of changes to Air Traffic Control systems on workloagstbe assessed. This can be done by means of expert
reviews of the proposed changes and metrics on the basislofeffast-time simulations and workload measurements
in real-time, manned simulations.

The use of an objective metric in fast-time simulations dquiovide a robust method of ATCo workload assess-
ment while keeping costs low. This motivates the develograesuch metrics and fuels the need for a metric that can
reliably predict ATCo workload.

In order to get an insight in the workload of an ATCo, it is coompractice to observe the task demand load,
being the objective, subject-independent aspects of wadklinstead of the workload prog&rWhen trying to find
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aTask demand load refers to the demands imposed by the taskdependently of the person performing the task. Workloagtseth the task
load as experienced by the operator.
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an objective measure for the ATCo task demand load, mosamesers have assumed that ATCo task demand load
is coupled to sector complexity. Since task demand loadrimigicoupled with workload, sector complexity should
have a strong relationship to ATCo workload.

A rather straightforward method of determining sector claxipy is looking at the aircraft count (or aircraft den-
sity). When only looking at individual sector charactedstiaircraft count has the highest correlation with subject
workload ratings:® The weakness in using this method lies in the fact that itigeother important airspace param-
eters. Moreover, the relationship between aircraft condtwaorkload is non-lineafr2

In order to solve this problem, methods like the Dynamic tgh$ °'land the Traffic Load Indé% 14 were
developed. These methods show more promising resultsimatgig ATCo workload then the Aircraft Count. How-
ever, both methods rely on the use of an expert to calibratenéthod to a specific situation, thus making the methods
undesirably specific. A need has arisen to find a complexitiyionat is generally applicable to a large number of
Air Traffic situations.

In this light, complexity maps, as have been developed by Lee
et al.}% and the Solution Space, as was introduced by Hermes et
al..'” were proposed as complexity metrics.

1. Forbidden Beam Zone

The Solution Space metric relies heavily on work done by Van
Dam et al. on the Forbidden Beam Zone (FBZ), as can be found in
Figurel. The FBZ was originally developed by Van Dam etl.

as a means of self-separation for use in the cockpit. By diefini
choosing a velocity/heading combination inside the FBZ levéd

to a separation violation. The zone is built up by constngctivo
tangent lines from the controlled aircraft to the separatiocle

of the observed aircraft and then translating these linethby
velocity vector of the observed aircraft.

2. Solution Space

In the work of Hermes, the FBZ was introduced in the field of
ATCo workload determination as the Solution Sp&c&he So-
lution Space Diagram covers all heading/velocity combamest, _ ,
TR . . , - . Figure 1. Forbidden beam zone¥ - For an observed air-
|nd|ca_1t|ng which velocity vec_tors offgr safe splut|9n$1chwh|_ch craft (own), other aircraft (intl, int2) in its vicinity pro -
velocity vectors lead to an impending conflict with anothigr aduce a region (beam) in relative velocity space that must
craft. The hypothesis was made that the state of the Soluteravoided. These regions are translated with the veloc-
Space Diagram was strongly correlated to sector compleXiy Y of the intruder aircraft, to create regions in the abso-

. : lute velocity/heading space of the own aircraft that must
prove this concept an experiment was conducted, where Bothi@ . qiged (insert top right). This representation is com-
perienced subjects and unexperienced subjects tried eno@e bined with the possible speed ranges for the own aircraft
free aircraft in a stream of on-route aircraftA strong correla- (bottom), to obtain a display for self separation.
tion was found between the initial static Solution Space ted
subjective complexity rating given by the test subjectsweleer, the described experiment only covered a very spe-
cific case. Due to the merging character of the experimeatntient of the free aircraft was completely known, being
to merge on the pre-defined route. This enabled the elinoinati all 'non-route-bound’ velocity vectors as being part
of the Solution Space. Moreover, due to the fact that thestélsfects were instructed to merge on the closest route
segment and not to cross it, it was known beforehand thaereegments that were 'behind’ other route segments
were not part of the Solution Space. Finally, only the ihiBalution Space was considered; all scenarios were set up
to have an initial opening in the Solution Space that woufdlganerge the aircraft. However, it is quite possible to
think of a rather simple scenario, that has no initial solutibut is in fact quite easy to solve.

To solve these problems, the tangent-based calculatidgre@olution Space is introduced in the present prdfect.
This calculation is sufficiently fast to be suitable for dgmia Solution Space measurements. The tangent-based
Solution Space is constructed using Conflict Zones (CoBAa) project the intent information of an observed aircraft
onto the Solution Space Diagram. It has also become podsibieit a CoZ to be calculated for a limited time span.

Figures2(a) and 2(b) show an air traffic situation in the Cartesian plane and theted tangent-based Solution
Space respectively. The Solution Space consists of meil@plz’s, where each CoZ can be associated with an aircraft
in the airspace. In this specific case, all observed airbiafe the intent of flying the route that has been displayed.
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This intent causes the CoZ’s on the Solution Space Diagramaue turns in them that correspond to anticipated turns
in the Cartesian plane.
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(a) An air traffic situation in the Cartesian plane (b) A Solution Space Diagram with multiple CoZ'’s

Figure 2. The tangent-based Solution Space describes pdssi conflicts with other aircraft, given their intent inform ation

II.  Hypothesis

It is hypothesized that the Solution Space is strongly eelab ATCo workload. Due to the state of the Solution
Space development, previous work was limited to finding ati@hship between the initial Solution Space and sector
complexity in a severely simplified and conditioned ATC eomiment.

For this paper, it is suspected that a direct relationshist®between workload and the Solution Space at each
moment in time. The goal is to find the strongest possibleiogiship between Solution Space parameters and a
subjective workload measure in a highly dynamic environtmen

[ll.  Dynamic Solution Space Parameters

The Solution Space as a diagram is not suited for direct impteation as a complexity metric, because it only
contains visual information. In order to extract usefuloimation from the Solution Space Diagram, a number of
parameters can be defined that describe certain aspects $bthtion Space. Because the Dynamic Solution Space
is a term that contains a vast amount of data, the DynamidiSnl@pace in this paper has been limited in frequency
and in diversity.

The Solution Space has been calculated every 20 secondadoradrcraft present in the air traffic sector. Sub-
sequently various Solution Space parameters, which witldfeed in the following sections, have been calculated
for each aircraft. For the statistical analysis all Solatpace parameters have been averaged over all aircradt, thu
implicitly assuming that each aircraft has an equal infleemis the workload. The data has also been re-sampled to
have a frequency equal to the workload scores that have beasured once every minute by averaging the parameter
scores per minute.

The measured parameters can be divided in two different lpasameter types, 10 different Solution Space cal-
culation options and 6 different observation angles. Addhe measurement of two baseline parameters, being the
Number of Aircraft and the Number of Commands, this makesta tf 122 measured parameters. All solution
parameters have been named according to their option, pteatype and their observation angle. The parameter
corresponding to the Area parameter of option 9 with & disservation angle for instance, has been named Option
9 Area 45. Next to the continuous parameters, the numberpairagon violations per experiment run has also been
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measured.

A. Areaand Change

Conclusions from previous work by Hermes et @tated that the area in the Solution Space that offers eakitias
a strong (inverse) correlation with ATCo workload. For teigperiment the area that is covered by the CoZ’s was
calculated as a percentage of the total available area bptiie minimum and the maximum velocity line in the
Solution Space Diagram. This area was corrected for theliatthe Solution Space is circular. If this had not been
done, the Solution Space area would have been influencedbydrigh velocities then by low velocities. The Area
parameter thus represents the percentage of velocityrgdotthe given heading/velocity envelope that will lead to a
conflict according to the Solution Space Diagram.

The use of a Dynamic Solution Space makes the calculaticat®froperties possible. Next to the Area parameter,
a Change parameter has been introduced. The Change paranietepercentage of the Solution Space Diagram that
changed state from safe to unsafe or vice versa. This i¢rliesl in FigureS(a)to 3(c), where it can also be seen that
a rotation gives almost no change in the Area of the solufi@es, but does give a value for the Change parameter.

(a) Initial Solution Space (b) Next Solution Space calculation (c) Resulting "Changed” Area
Figure 3. Definition of the Change parameter

Figures4(a) to 4(d) present an example of the Area and Change parameter belraéorexperiment run next
to the two baseline parameters. Each Figure contains akumeaent points for one individual test subject, where
the scenario scores have been presented consecutiven biecseen that all scenarios started with a relatively low
workload (or ISA) score after which the workload increase@ tigher level. FigureS(a)to 5(d) present the same
dataset. The measurement points have been presented aad, spere it becomes clear that the Area parameter and
the Number of Aircraft parameter produce more clusteredli®than the other two parameters. Later it will become
clear that these parameters are indeed more strongly atadeto the workload then the Change and the Number of
Commands parameter.

B. Different Options

The different options that have been tested are briefly suimathin
Tablel. In option 1, the instantaneous Solution Space is calalldtkis
means that only FBZ'’s, as were defined in the research by vemddal.,
are plotted on the Solution Space Diagram. Option 2 usesaimplete
CoZ as was defined by d’Engelbronner et al. In calculatingeh@oZ'’s,
the logged data was used as intent information. This meatsttirs
option assumes the subject to have planned all his decibefosehand.
Options 3 to 5 use time limited versions of the CoZ. This mehasonly
possible conflicts that occur within a certain amount of tshew up on :
the Solution Space Diagram. —Qobs .

These options thus assume that the subject has an intentéotaén ‘
amount of time. Options 6 to 8 use action limited versionshef €oZ.
This means that the intent information of each aircraft nsited to a
certain number of actions, after which the aircraft is asstito maintain
constant speed and heading. These options assume thatbfeetduas an intent for a certain number of actions.
Options 9 and 10 are a combination of the latter two methotisyeithe CoZ is limited in time and actions.

Qobs

Figure 6. Only that part of the Solution Space that
lies within the observation angle is regarded
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Figure 5. ISA score results plot against four measures dered from the experiment data. Data from a single test subject.
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Table 1. Option characteristics. Time is given in simulateditme.

Option | description

Instantaneous (only FBZ)
Omniscient (full CoZz)
Time limited (5 minutes)
Time limited (10 minutes)
Time limited (15 minutes)
Action limited (1 action)
Action limited (2 actions)
Action limited (3 actions)
Combined (2 actions, 10 minutes
Combined (2 actions, 15 minutes

© 00 ~NO Ol b WN P
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o

C. Observation Angle

Besides the different options and parameter types, thetaffean observation angle has also been investigated. The
objective is to determine whether the region around anafi'sicurrent velocity vector is more important in determin
ing the Solution Space than the rest of the Solution Spacerder to test this, a range of observation angles has been
tested, being 5, 10, 20, 45, 90 and 180 degrees.

The observation angle is defined as the semi-sided angtediathe velocity vector. For example, an observation
angle of 90 degrees means that half of the Solution Spacedeasthken into account. Both the Area and the Change
parameter percentages have been adjusted to take thistionitnto account. This means that a full observation area
always corresponds with a score of 100 and an empty obsematea always corresponds with a score of 0, given the
fact that both parameters are defined as a percentage otahavailable Solution Space area.

IV. Experiment

To investigate possible relations between the dynamict®oliBpace and the ATCo workload, an experiment
has been conducted that involved managing air traffic in alsitead environment. In this experiment subjects were
confronted with the task of directing all inbound traffic in air traffic sector to a single merge point. The goal of
the experiment was to find a relationship between the subgdgtimeasured workload and an objective parameter,
obtained from the dynamic Solution Space. The Solution pas been analyzed both for parameters through time
and for the predictive character of those parameters.

A. Workload

In the experiment as conducted by Hermes et al., the workh@dmeasured as a subjective rating provided by the
test participant after each scenario. This method givessorgge workload score per scenario, which is a good way
of measuring workload for a time independent problem. Harethe dynamic problems encountered in Air Traffic
Control have a time dependent character. The workloadesylito vary over time because of changes in the situation
the ATCo is dealing with. As a result, the workload should lmved as a time dependent variable and should thus be
measured at several points in time.

1. Instantaneous Self-Assessment

A method that is used in real time Air Traffic simulations ig #8A (Instantaneous Self-Assessment) method for
workload determinatio&?2° This method, developed by the UK Civil Aviation Authoritys@s concurrent workload
evaluations to measure the subjective workload during ger@xent. This can be done by either supplying the
participant with a number of buttons to push every couple ofutes, or by evaluating the workload verbally. It has
been suggested that the method is slightly intrusive whed ursan experimental setup, however, the added insight in
changing workload counterbalances this argument.
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The big advantage of using the ISA method is that it is a simalg of evaluating the subjective ATCo workload
over time, which cannot be said for physiological methodtherdual tasks method, which does measure workload
over time, but is not simple. Therefore the choice has beatertmuse the ISA standard as a workload measure for
this experiment. The subjects were asked to give a subgastivkload rating every minute during the experiment on a
scale from 1 to 7. The subject was asked to give a workloacgdmpmeans of a pop-up window in the simulation that
did not make controlling of the aircraft impossible. The IB®asurement was taken on a standard keyboard, where
keys s,d,f,g,h,j and k were numbered from 1 to 7, ranging feasy to difficult. These keys were also color coded,
ranging from pure green for 1 to pure red for 7.

2. Questionnaire

Between scenarios, the subjects have also been asked teramswmber of questions regarding the experiment. As
part of this questionnaire, the subjects were asked whakleaxt they experienced for each scenario, ranging from 1
to 7, on an scale equivalent to that of the ISA measuremergy Were also asked whether the simulation speed, the
aircraft mix or the sector size made the scenario partiuthifficult. For each scenario there was the opportunity to
provide comments on scenario properties.

B. Subjects

A total of twelve test subjects participated in the experimd-our of these test subjects had ATC experience, four
people had participated in an extensive introductory ADQOrse and four were students at the faculty of aerospace
engineering of Delft Technical University with no prior AT€xperience. The group of four with ATC experience
consisted of three male subjects and 1 female subject,manigiage from 42 to 57, = 51.3, o = 6.9 in years).
This group had professional experience as an air trafficrabbat ranging from 6 to 35 years. The group of four that
did the introductory ATC-course consisted of three malgestib and 1 female subject, ranging in age from 27 to 47
(1 = 38.5, 0 = 8.5 in years). The four students at the faculty of aerospaceneedging where all male and ranged in
age from 24 to 26,( = 25.5, o = 1.0 in years).

C. Experiment Set-up

The test subjects were presented a simplified, two-dimaabkiepresentation of an air traffic environment, where all
aircraft move in plane with no altitude separation. The enunent consisted of an air traffic sector and multiple
aircraft as is shown in Figuré In this environment the user was capable of selectingadirby selecting an aircraft
in the plan view display and controlling that aircraft eithg using the control options in the right hand window or by
giving keyboard inputs similar to those used by air traffiotcollers.

1. Simplified Representation

To minimize a possible training effect when working with 8imulator, several simplifications have been made with
respect to a normal ATC environment. The aircraft types lhaen limited to two categories, being medium and heavy
aircraft. The distinction between these two types was miadies plan view display by presenting a larger or smaller
icon. The separation circle of 5 NM was given at all times asnalication of the separation distance. Separation
violations were made visible by means of the aircraft coMrich switched from green to red, and a visual message
in the top left corner of the plan view display.

D. Instructions

All subjects that participated in this experiment were feideon the goal of the experiment. The subjects were in-
structed to try and avoid separation violations at all timekile lining the aircraft up at the merge point. As a
secondary requirement the subjects were instructed toentbegaircraft at a reasonable merge velocity. During the
two training scenarios, that lasted 15 minutes each, thgstsbwere encouraged to try controlling the aircraft both
with the keyboard inputs and with the control options on tlghtrhand window of the simulation screen using the
mouse. They were made actively aware of the possibilityme gh aircraft a direct-to command to the merge point and
they were told to attempt flying out of the sector without sing the merge line, so they would experience the fact that
an aircraft would return to the sector immediately when gigenrong exit point. Subjects were also instructed that
it was not allowed to rest their hand on the ISA buttons, ireottd prevent the subject from unconsciously giving the
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Figure 7. Typical experiment sector - the subject is confroted with multiple medium and heavy aircraft

same ISA score over and over again just to get rid of the popFhp two training scenarios were flown subsequently,
but between each actual experiment scenario subjects weretfe option to rest for up to 10 minutes.

E. Scenarios

The experiment consisted of four different scenarios, kol the two training scenarios. The choice of using dif-
ferent scenarios has been made for two reasons. First, $eodidhe dynamic character of the experiment, it was
expected that a number of test subjects would not be ablendidnghe steady flow of aircraft coming in, leading to a
build up of aircraft in the sector. This could potentiallateto a situation where control of the aircraft would become
impossible. By splitting the experiment into four 20 minstenarios, the start of a each new scenario would be identi-
cal for each test subject and would thus ease the workloatidse subjects that could not manage. The second reason
to use scenarios was that this would give the opportunitptopare different scenarios. Different subjects have been
offered the scenarios in a different pre-defined order,&aplo prevent any possible dependency to training effects.
On top of that, the scenario order has been distributed Bamlong different subject groups.

Table 2. Scenario order

Subject
1/12|3|4|5|6|7|8|9]10|11| 12
Runl|A|B|C|D|/A|C|D|/B|A|D|B]|C
Run2| B|A|D|C|C|A|B|D|/D|A|C|B
Run3/C| D/A|/B|D/B|]A|C|B|C|A/|D
Rund D|C|B|/A|B|D|C|A|C|B|D|A

Each scenario has been set up to have a distinct characteraiBc A had both heavy and medium aircraft coming
in from random directions all around the sector. Scenaria@three streams of incoming aircraft with mixed aircraft
on all streams. Scenario C had two streams of incoming heiestgti and one stream of incoming medium aircraft.
Scenario D had two streams of incoming heavy aircraft andhabeu of aircraft passing through the sector that could
not be controlled by the test subject.
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Scenarios have not been calibrated to be either difficultey.eAll scenarios presented the subject with just over
40 aircraft in 20 minutes and the level of difficulty depended only on the scenario set up, but also on the ATC
strategy employed by the subject.

Dynamic Environment

The fact that the scenarios lasted 20 minutes each resultaddynamic environment, much like an actual ATC
environment. The actions of the subject highly influenceddituation that developed in the air traffic sector. Due to
the fact that the subject himself was in the loop, each erpart run was unique and each scenario resulted in different
situations for different subjects. This behavior of thedised environment complicated the interpretation of tad
due to the fact that results could not easily be comparedtiélscenarios as a constant factor. However, since this is
also the case in actual ATC situations, this has delibgraetn chosen to be an integral part of the experiment.

F. Simulation Characteristics

As was stated before, the experiment included two typesroffadt, representing medium aircraft and heavy aircraft.
The velocity envelopes of these aircraft has been given loeTa which also includes the required merge velocities
at the merge line, as was referred to in the instructionsaecThe velocity envelopes of the medium and the heavy
aircraft did not overlap in order to prevent subjects frorttipg all aircraft on the same velocity and thus eliminating

the effect of having two different aircraft classes.

Table 3. Velocity Envelopes

Class Velocity

Heavy 180 - 250 kts
Medium | 100 - 170 kts
Merging | 150 - 200 kts

The simulation used for this experiment used only kinersdtc the aircraft behavior. All aircraft had a constant
turn rate of three degrees per second and a constant atiogleede of three knots per second. All velocities were
given as indicated airspeed, but since there was no windded in the model and the altitude was constant the relation
between airspeed and groundspeed was a constant factor.

Aircraft that left the sector without having crossed the gadine were automatically sent back into the sector, not
taking into account possible conflicts this could cause éngctor. As was said before, subjects were made actively
aware of this conduct.

G. Simulation Speed

The simulation was run in fast-time, being at four times teak speed, as was previously done by Hermes &t al.
The rationale behind running the experiment in fast-tims that this results in the acquisition of more data from the
given experiment time. A positive side effect is that thisy@nted the subjects from underachieving out of boredom.
A negative side effect could be that the subject experietieetask different then he would in real-time, which would
be an undesired effect influencing the experiment results.

V. Results

A. Outlier Analysis

A total of five outliers were detected for the 960 workload sweaments that have been taken during the experiment.
As can be seen in figurg four outliers can be found in the ISA measurements for slfeand one can be
determined for subject 9. Closer inspection of these astlievealed that the high ISA scores found for subject 6 are
consistent with other high scores that this subject gaveemitively. Also, these values seemed to be consistent with
a high Number of Commands. The outlier for subject 9 is mugetahan the other ratings. However, that minute,

the subject also gave no commands. Both the Number of Consrammtithe Number of Aircraft were found to have
their minimum value at that specific measurement point. Shggests that the workload was probably indeed very
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Figure 8. ISA score distribution per subject

low. Because no unexplainable outliers were found, allglmgliers were included in the analysis and accepted to be
a part of the subject’s behavioral pattern.

B. Group Differences

Before processing the data, it is important to investigatetiver the different groups behaved similarly and can thus
be added together, or if groups differed and should thusdsgetd individually. The results in this paper have been
compared according to ISA score, Number of Aircraft and Nermdf Commands. First of all, all these parameters
were found to have non-normal distribution for all groupssing the Kolmogorov-Smirnov tedtit was found that
this effect is significanty < 0.01) for all parameters.

Given the fact that the parameters are not normally digedhua non-parametric approach had to be used in
comparing the different groups. Using the Kruskal-Walli®@VA,?! no significant differences were found between
groups for the Number of Commands. However, significanediifices were found between groups concerning the
ISA scores and the Number of Aircrafi & 0.05).

In order to find the source of this significant difference, Menn-Whitney test was used as a post hoc test to de-
termine differences between groups pairwise. Because #agarate Mann-Whitney tests were used, the significance
threshold had to be lowered to a valueddf167 (= 0.05/3) in order to prevent increasing the chance of having a Type
| error. This is called a Bonferroni correction.

From these separate post hoc tests, it became clear thatutlents gave higher ISA scores than the other two
groups, while the group with ATC experience had more aitdératheir sector. Both these effects were found to be
significant. Tablel shows the mean and median of the two tested parameters pgr. gro

Finally, the number of separation violations per group hesnbevaluated using a Kruskal-Wallis test. However,
no significant difference between groups was found.

Table 4. Parameter characteristics per group

Parameter ATCo ATC-course Student
ISA mean| 4.04 3.87 4.39
median 4 4 4
Number of Aircraft mean| 9.91 9.13 9.20
median| 9.79 8.75 8.96
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C. Subject Differences

Taking the analysis of different groups one step furtheuireg inspecting the groups at the subject level. Using a
Kruskal-Wallis test, it was found that within the studentgp and the experienced ATCo group the Number of Aircraft
the subjects were confronted with did not differ signifidprfp > 0.05). For the ATC-course group this parameter
did differ significantly among subjectp  0.05). Both the ISA score and the Number of Commands had signtfican
differences between subjects for all subject groups. Thike®s sense, because every subject is expected to have a
different control strategy and a different interpretatafrihe subjective workload score.

D. Training Effect

In order to establish whether a significant training effeas\wresent in the experiment, the known estimators for ATCo
workload, being Number of Aircraft and Number of Commanais] e ISA score were tested for differences between
runs using the Kruskal-Wallis test. They were also testediffnificant trends using the Jonckheere-Terpstra test. It
was found that neither the ISA score, nor the Number of Aftcshowed trends or differences between runs. The
Number of Commands, however, was found to be different betweans. Also a trend was found where the number
of commands given per minute increased over the course @xeriment. This results was significant, both for the
Kruskal-Wallis test < 0.001) and the Jonckheere-Terpstra tgst{ 0.007). Figure9 shows that the trend does not
show in the median data. The fact that the mean data doesff@tmiore than one command per minute between
scenarios resulted in the conclusion that no training &ffeere present in the dataset.

—Median
—Mean

=y

q

Number of Commands given per minute
J}

fist second third fourth
Run

Figure 9. Slight training effect in the Number of Commands gven per minute

E. Correlation Analysis

In statistical research it is common practice to negateestibjifferences by calculating standardized z-scoresla t
considering the whole of the normalized subject measur&netowever, since the ISA score is an ordinal parameter,
this practice would theoretically be incorrect in the ligliithis research. The step size between different ISA values
is potentially not constant, because of potential nonalingse of the scale. Adding all measurements up could lead to
a lower correlation result. By first calculating an indivadeorrelation and selecting parameters through this nagetho
potential erroneous discarding of parameters can be pren

The fact that the data was non-parametric, as has been poefere, means that all correlations have been calcu-
lated using Kendall's tau instead of its parametric coyagr the Pearson correlation. Please note that this method
gives correlations that cannot be compared to correlatitsined via Pearson’'s method due to the differences be-
tween the methods.

1. Individual Correlations

In the light of the differences between groups and subjéwschoice has been made to observe the correlations
between different parameters on an individual subjectlléMee advantage of such an approach is that, although the
subjects differ in ATC strategy, this approach allows fomparison of the relation between workload and a parameter
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on the subject level. This method resulted in 122 differartadations per subject (one per parameter, including
Number of Aircraft and Number of Commands). With 12 subjélcis resulted in 1464 different correlations.
Pre-selection

Calculating the correlation on the subject level also redube concept of significance to the subject level. Of all the
individual correlations, 1135 turned out to be significgnt( 0.05), while 329 were not significant. Tabeshows
that a large portion of the parameters had either 12 or 1ifsignt individual correlations.

Table 5. Number of parameters per number of significant corréations

Significant| 12 11 10 9 8 7 6 5 4 3 2 1 0
Parameters 54 21 8 3 4 7 4 1 4 4 3 5 4

Since a non-significant correlation is not worth evaluatithg assumption was made that a parameter with less
than a certain number of significant individual correlasignobably does not have a significant correlation as a whole
and should be discarded. On top of that, all parameters vidilya number of insignificant correlations had a relatively
low value for the individual correlations. The choice wasde#o include only those parameters with nine significant
correlations or more, because all other parameters shaweave very low correlations. Since the objective of this
research was to find a strong relationship between an olgeptirameter and the subjective workload, discarding
parameters did not interfere with the final goals. This miedtion eliminated 36 parameters, leaving 86 for further
analysis.

Compare Groups

With 86 different parameters, it was now possible to compiz@ecorrelations of the different groups. The hypothesis
here was that the three groups differ in ATC strategy, butttiey all have a similar correlation between the parameters
and the ISA score. After doing a Shapiro-Wilk test it becamearcthat in 21 cases out of a total of 258 cases (3 groups,
86 parameters) the distribution within a group was signifilyadifferent from the normal distributiorp(< 0.05).
Because these distributions made up over 8% of the parasnéterchoice was made to use a non-parametric test in
finding differences between the three groups of subjects.

Use of the Kruskal-Wallis test showed that 10 out of 86 patamséad a significant differencg & 0.05) between
groups. These 10 parameters included the Number of Comnuivels, 3 Area parameters for various cases and
observation angles and 6 Change parameters for various aadebservation angles. Using a Mann-Whitney test as
a post hoc test on the Number of Commands showed that theiexped ATCo group had higher correlations for this
variable than the other two groups. The most interestingaineimg parameters were the Option 3 Change 45 degree
and 90 degree parameters because of their relatively higklations with the ISA score. Using a Mann-Whitney
test as a post hoc test on these parameters showed that #reeaxpd ATCo group had lower correlations for these
change variables then the other two groups. Both the remthé Number of Commands and the result for the Change
parameters were significant € 0.05).

Angular Influence

The influence of the observation angle, as was describeddyef@s found to have a strong trend towards higher
correlations for larger observation angles.

Figure10 shows this relation for option 3, for both the Area and ther@jegparameter. For all Area parameters it
was found that the 180 degree observation angle yieldedghes$t mean and median correlations per case. All these
parameters did not have a significant difference betweeampgrorl he fact that for all cases the 180 degree observations
gave better results for the Area parameters than the lowsareation angles motivated the choice to continue only
with the 180 degree Area parameter results, discardingralller observation angles. This also eliminated the three
Area parameters where the groups showed significantlyrdiffecorrelations.

The Change parameters generally showed lower correldfiamsthe Area parameters. The choice has thus been
made to include only a limited amount of Change parametetsdranalysis. The fact that the Change parameters
from option 3 achieved relatively high correlations, thed&gree, 90 degree and 180 degree variant of the option 3
Change parameter where observed from this point forwarde M@t the Change parameters with the 45 degree and
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Figure 10. Increasing correlations for larger observationangles

the 90 degree observation angles had lower correlatiorthéoexperienced ATCo group. Also note that none of the
selected distributions include any insignificant coriielad, as were discussed in the pre-selection.

2. Combined Correlations

For the 15 parameters that the parameter set had been reédumedbserving the individual correlations, the standard-
ized z-scores have been calculated in order to compare betttonis of calculating the correlation. This meant that
all parameter values were reduced to a z-score, which repiethe difference (in standard deviations) that pasicul
value has with the subject mean. Resulting z-scores carbenmbined into one measurement, thus combining all
subject data in one array. Tallesshows all individual correlational properties and pres¢né combined correlations
that have been calculated using Kendall's tau (where R gavemdication of the strength of the relation between
two parameters). The use of this non-parametric correlataefficient is again necessary, because a Kolmogorov-
Smirnov normality test reveals that the ISA z-score distidn is non-normally distributedp(< 0.001). It can be
seen in Tables that the relation between parameters is similar in both od=sh The combined correlations do give
lower values, but this was to be expected. The results inefalshow that the effects of an ordinal ISA score are
limited to a scaling of the correlations, where even paransghat showed a significant difference between groups for
the individual correlations do not suffer any negative eevhen compared to other parameters. In further analysis i
can thus be assumed that the different datasets can be adgtlder with the use of standardized z-scores.

3. Cross correlations

The difference between the Number of Aircraft and the Solupace parameters can be explored by looking at the
correlation between these two parameters. The Number ofatris highly correlated with the remaining parameters,
ranging fromR = 0.397 to R = 0.440 for the Change parameters and ranging frBm= 0.543 to R = 0.601 for

the Area parameters. The Number of Commands was correlatedhe Number of Aircraft withR = 0.249, was
correlated with the Area parameters ranging fré&n= 0.175 to R = 0.230 and was correlated with the Change
parameters ranging fro = 0.201 to R = 0.223. Also, it was found that the correlation between Changerpaters

and Area parameters ranges fréin= 0.414 to R = 0.529.

F.  Time Influence Analysis

In the light of the dynamic character of the experiment, tBhdvior of the correlations has been analyzed for time
shifts. Basically this means that the parameters have deéadsrelative to the ISA scores. High correlations on
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Table 6. Parameters used in the analysis

Individual Combined
R Sign. difference
Parameter mean median between groups R p
Baseline Num of A/IC | 0.621 0.614 | no 0.569| <0.01
Num of Comm| 0.299 0.288 | yes 0.259 | <0.01
Area, 180 Option 1 0.592 0.603 | no 0.545| <0.01
Option 2 0.583 0.601 | no 0.538| <0.01
Option 3 0.599 0.626 | no 0.550| <0.01
Option 4 0.613 0.627 | no 0.566 | <0.01
Option 5 0.597 0.611 | no 0.552| <0.01
Option 6 0.581 0.604 | no 0.531| <0.01
Option 7 0.581 0.615 | no 0.532| <0.01
Option 8 0.577 0.603 | no 0.529| <0.01
Option 9 0.588 0.608 | no 0.543| <0.01
Option 10 0.577 0.598 | no 0.531| <0.01
Change, Option 3 45 0.443 0.464 | yes 0.408 | <0.01
e[03 0.487 0.496 | yes 0.455| <0.01
180 0.482 0.478 | no 0.450| <0.01

negative shifts will indicate a lagging property in a paréendworkload att = ¢, is reflected by the parameter at

t = t,, with y > z), while high correlations on a positive shift will indicagepredictive property in the parameter

(the parameter &t= ¢, anticipates the workload at= ¢,, with y > z). All parameters have been shifted 1, 2 and 4
minutes in both positive and negative directionsr{.

Figuresll(a)and11(b)give an impression of the effect a time shift has on correfeti These figures only include
one Area parameter and one Change parameter, but the distn® shown in the figures are typical and thus all other
parameters have been omitted from the figures for clarityales A complete table of resulting correlations can be
found in the appendix. Figurkl(a)shows that all parameters have a roughly quadratic disimitbin their correlations
when shifted relative to the ISA-scores. By scaling the @ations to have a maximum value of 1, the distributions
in Figurell(b)shows a reasonably symmetric distribution for the Numbekiafraft and the Number of Commands.
The Area parameter stays relatively high when dealing wiplositive time shift, while it drops relatively fast for a
negative time shift. The Change parameter shows this saeveeskshape. These results will be further evaluated in
the discussion section.

G. Multiple Regression

In order to determine whether different parameters coulddesl in a combination to get a higher correlation with
the ISA-scores, a regression analysis has been perform#tegarameters. The regression analysis assumed some
data characteristics, one of them being that the data wasreiontinuous or interval, which was in conflict with the
characteristics of the original dataset, because the ®#es are ordinal. However, the assumption has been made tha
the ISA z-scores of all subjects combined approximates tiraayus dataset, which enabled the use of aforementioned
regression method.

For the regression method, all 15 previously selected patermiwere used, assuming that different settings in the
Solution Space calculations might account for differemtgaf the variance. By using a forward entry method, only
parameters that made a significant contribution to the maeded included. The Number of Aircraft parameter has
been taken as a starting point, because it has already beesnpo have a strong relationship with ATCo workload.
The resulting model can be found in TaBlewhere from top to bottom, the parameters are added stepavisethus
the strength of the model (R) increases. The last columrsdive significance of the change in model strength. Note
that the correlations in Tabléare Pearson correlations and can thus not be compared &atamns reported earlier
which were Kendall's tau.

14 of 21

American Institute of Aeronautics and Astronautics



Downloaded by TECHNISCHE UNIVERSITEIT DELFT on January 2, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2010-7542

900

800} %  Number of Aircraft | 1.4¢ ¥  Number of Aircraft
-+ Number of Commands o -+ Number of Commands
X Option 4 Area 180 8 X Option 4 Area 180
o 700p ° Option 3 Change 90 ¢ o1.2r ) Option 3 Change 90
5 5
< 600f " s .
= * # < 2 % ¥
£ 500 * X 03 c X
= R X +
; o [ -‘c—s' -*- Y *
S 400t x < 0.8r
.% ° ° % E X +
= * +
© 300 . * 18 osl . x
3 X + o |2 O ¥ ¥
) + S
200r + ° %
+ o
° 0.4
100 + + Y +
« past future— «— past future—
O 02—
5 4 -3 -2 -1 0 1 2 3 45 5 4 3 -2 -1 01 2 3 45
Time shiftAt [min] Time shiftAt [min]
(a) Correlations for shifted time (b) Correlations for shifted time, relative to non-shifteatrela-
tion

Figure 11. The influence of a time shift on parameter correlaibns

Table 7. Regression model build up.

Resulting
Added Parameter R R? P

. Number of Aircraft 0.749| 0.561 | <0.001
. Option 4 Area 180 0.803| 0.645 | <0.001
. Option 3 Change 180| 0.809 | 0.654 | <0.001
. Number of Commands 0.813 | 0.661 | <0.001
. Option 1 Area 180 0.816 | 0.666 | <0.001
. Option 3 Area 180 0.817 | 0.668 | 0.026

. Option 3 Change 45 | 0.818 | 0.669 | 0.048

N o 0ok WODN PP

Seeing that the last parameters added relatively littlehéostrength of the model and that the change of the
model, resulting from their addition, had a significancaureadfp > 0.01, the choice was made to remove these two
parameters from the model to prevent over-fitting. In thelltesy model, both Area parameters (Option 4 Area 180
and Option 1 Area 180) showed high multicollinearity witttkeather. This makes sense, because the two parameters
are both variations on the same concept. One could decigertove one of the parameters from the model, but given
the significant contribution to model strength by both pagters, the choice was made to leave the model as is and
continue with a 5 parameter model, consisting of the firstfimemmeters from Tablé The fact that the only Change
parameter in the model is the 180 degree variant is fortyuhateause this was the only Change parameter found to
have no differences in correlation between groups.

The assumption that this parametric regression methodi dmulised to get an insight in parameter combinations
has been verified by calculation of the correlation betwéerrésulting model and the ISA z-scores using Kendall's
tau. This correlation is shown in TabBenext to the strongest correlated parameters found up iligbint. 1t shows
that the regression model gives higher correlations tharother parameters, thus verifying that a combination of
parameters can be used to obtain higher correlations wi@oATorkload.
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Table 8. Strong correlations (using Kendall’s tau)

Parameter R p

Regression Model | 0.621 | <0.01
Number of Aircraft | 0.569 | <0.01
Option 4 Area 180 | 0.566 | <0.01
Option 3 Change 90 0.455| <0.01

H. Questionnaire Results

As part of the experiment, the subjects were asked to fill aguestionnaire. The data from this questionnaire was
compared to the ISA data and to the Number of Aircraft, beedhis has already been proven to be strongly related
to ATCo workload in previous research. Since the data froenghestionnaire were taken per scenario, all other
parameters had to be mapped to this resolution. This was lopt@king minimum, maximum, mean and median
values per parameter. The questionnaire workload scosedg) showed a weak correlation with the maximum ISA
score that was given in the same scenafio= 0.269,p = 0.029). All other parameters that were tested against the
g-score did not result in significant correlations. BecahgeNumber of Aircraft seemed to be in no way related to
the g-scores, while this was to be expected from previoweareh, the g-score was assumed irrelevant and not to be
used in the scenario analysis.

The other three parameters from the questionnaire, bemgnfluence of the traffic mix, the influence of the
simulation speed and the influence of the sector size showadmelations at all. On average, the traffic mix was
deemed to have the highest influence on the workload, witlilation speed and sector size getting relatively low
scores. To illustrate this, the mean and median values céoube in Tableo.

Table 9. Mean and median scores from questionnaire

Question workload mix speed sectar
Mean value 4,98 4,75 3,88 3,65
Median value 5 5 4 4

I. Scenario Analysis

Last, the difference in scenario evaluations was testeld Mitiskal-Wallis tests. The data from this experiment is
non-linear and partly ordinal, thus requiring a non-paraime@pproach. Both the standardized ISA scores and the
results from the Regression Model, as was found earliere wested for significant differences between scenarios.
Both parameters showed to have a significant differepgg & 0.026, prnode;r < 0.001). The mean ranks observed in
this test can be found in Table®, where scenarios A and D appear to have generated more wdriian scenarios B
and C. This same difference is reflected in Figurg&)and12(b). However, this result had to be tested in a post hoc
test to determine the exact nature of the significant diffeeebetween groups.

Table 10. Kruskal-Wallis mean ranks

Scenario| ISA (z-score)| Regression Mode
A 515 513
B 459 457
C 449 432
D 499 519

To determine where the differences between groups lie, daileel Mann-Whitney test was conducted. The fact
that a Bonferroni correction had to be applied on the sigamifoe threshold resulted in the choice to do only 4 tests,
comparing the high ranks with the low ranks. This meant thatigs where a difference was found with< 0.013

16 of 21

American Institute of Aeronautics and Astronautics



Downloaded by TECHNISCHE UNIVERSITEIT DELFT on January 2, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2010-7542

ISA (z-score) ISA (z-score)
0.2] Regression Model 0.3] Regression Model
0.7
0.1
j
c ©
3 5
= - < 03]
-0.1
-0.17
-0.2]
-0.2 T T T T -0.3 T T T T
A B C D A B C D
Scenario Scenario
(a) Mean values per scenario (b) Median values per scenario

Figure 12. Comparison of ISA z-scores and Regression modegbavior per scenario

(= 0.05/4) should be flagged as having a significant difference. Tabkhows the results of the Mann-Whitney tests.
The significance levels have been calculated using a Monti® @pproximation, hence the added 99% confidence
interval.

Table 11. Mann-Whitney test between scenarios with potently different workloads

Scenarios| pisaq (99% confidence) pnoder (99% confidence
A&B 0.011 (0.009 - 0.014) 0.016 (0.013-0.019
A&C 0.003 (0.001 - 0.004) <0.001 )
D&B 0.073 (0.066 - 0.080) 0.025 (0.021 - 0.029
D&C 0.022 (0.018 - 0.025) <0.001 O]

Finally, the number of separation violations per scenads been evaluated using a Kruskal-Wallis test. Even
though Scenarios A and D showed slightly higher numbersdisgion violations, no significant difference between
scenarios was found.

VI. Discussion

From the outlier analysis, it became clear that the few exglthat were present in the dataset could be explained
and should therefore be included in the further analysig. arralysis of a potential training effect only came up with a
slight trend in the Number of Commands given. This can pdsbib ascribed to the fact that people got more precise
in their commands, leading to more adjustments of the colitse fact that neither the ISA score, nor the Number of
Aircraft showed a training effect leads to believe that m#icant training effect was present in this dataset.

A. Group Differences

Resulting from the experiment, it became clear that somandiglifferences exist between groups, both in the subjec-
tive interpretation of workload and in the parameters tloatigbute to that workload. It has been shown that the group
consisting of students gave significantly higher ISA scohas the other two groups, while the group consisting of
experienced ATCo’s dealt with a higher number of aircrafthi@ir sector. Also, a significantly higher correlation be-
tween the Number of Commands used and the experienced tubjeorkload was found for the experienced ATCo
group than for the other two groups.

The difference in ISA score between the groups can probabbxblained by the fact that the students were less
familiar with ATC related problems then the groups with poexs ATC experience. The fact that this experiment was,
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without exceptions, their first experience with contralimircraft from an ATCo’s perspective probably increased
their perceived workload. The difference in Number of Aaftican probably be explained using an observation made
during the experiment. Most of the subjects in the expegd®TCo group tried to maintain a fixed pattern where the
aircraft must be lined up in order of appearance, while tloeigs with less experience dealt with incoming aircraft
more flexible, adapting to unexpected circumstances b&e=ulting from this difference in strategy, the experashc
ATCo’s had more trouble clearing the sector, resulting irugdoup of traffic. Note that the experienced group also
had the highest average age. This fact could also have lbotgd to this discrepancy. The difference in strategy and
in workload perception is further underlined by the factt tthee ATCo’s had a higher correlation between workload
and the Number of Commands used than the other two groups. higti correlation can probably be attributed to
their professional training. When the number of commandeeages, this group feels less comfortable, while an
inexperienced subject will not care whether an aircrafs gedre or fewer commands. The experienced ATCo group
showed a tendency to have lower correlations with the Chpagemeters then the other two groups.

B. Scenario Differences

From Tablell it became clear that scenario A was significantly more diffithan scenario C according to both
the ISA scores and the estimated workload from the regnessimdel. It also became clear that scenario D was not
significantly more difficult than scenario B according tolbstores. The comparison of scenarios A and B shows
that scenario A was significantly more difficult accordinghe ISA scores, but not according to the model. However,
the significance values lie close to each other, so the madeivior does actually resemble the ISA behavior. In the
comparison of scenarios D and C this is not the case howetiernodel shows that scenario D is significantly more
difficult than scenario C, while the ISA scores give the ofga®sult. This could possibly be caused by the fact that
scenario D included intruder aircraft that had a differdfeat on the ISA score than it had on the model score. These
results show that the model could possibly be used for steeegaluation, but that will have to be improved on first.

C. Correlation Analysis

From the angular analysis of the Solution Space it beconess that subjects experienced their workload based on
the entire heading band. However, this effect is strongeshe Area parameters. All Area parameters showed to be
strongest for their 180 degree case, which shows that gshjse information from the entire heading band in defining
their workload. The Change parameter however, did not shoim@ease in correlation towards the higher heading
bands, but showed correlations of the same order of magnitrdhe 45, 90 and 180 degree cases. This suggests that
a relatively large part of the workload that can be accoufdetly the change of the Solution Space can be found in
the heading band centered around an aircraft's own healliotg. that the 180 degree case was selected to participate
in the Regression model. This parameter was selected fdatihi¢hat it accounted for a larger part of the variance
that was yet unaccounted for by the model than the other tvem@d parameters, even though the 90 degree case had
a higher correlation with the workload than the 180 degree ca

The actual correlations found between the subjective wark(ISA) and the 180 degree Area parameters showed
to be of the same order of magnitude as those found for the MuwofAircraft. This result is less optimistic than
the results found in previous work by Hermes et’abn the instantaneous Solution Space. The discrepancy eetwe
results found in the work on a static Solution Space and amim&olution Space can most likely be explained
through the setup of the experiments. The static experimastset up for the subject to control one aircraft and
merge it in a stream of on-route aircraft. This left the sabjgith finding a suitable gap to merge the controlled
aircraft in. When this gap was found, basically the numberirefaft that where in front or behind this gap did not
influence the workload that much, because the task stayesatihe: merging the controlled aircraft between two
on-route aircraft. In the dynamic experiment however, tiigect was confronted with multiple aircraft to control. In
most situations, the subject was required to control araft in the sector, which leads to reason that all aircreffhe
sector actually contributed to the workload. The fact thaté was no predefined route structure present in the sector
of this experiment, probably meant that subjects were reduio keep monitoring all aircraft in the sector instead
of only those that had not been put on a route yet. This might well have increased the correlation between the
Number of Aircraft and the ISA-score even further.

The fact that the Solution Space (Area) parameters showdictixe character, as was shown in the time influence
analysis, makes sense, because the Solution Space cadntaintsinformation. Where the Number of Aircraft only
contains information on the situation in the air space at plagticular moment in time, the Solution Space already
contains information on situations that lie in the future.
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D. Regression Analysis

The regression model that was found earlier by combiningre¢yparameters was found to give higher correlations
than each parameter individually. However, the strengtthefmodel is not much higher in magnitude than the
most strongly correlated individual parameters. This carekplained by the fact that most parameters show signs
of multicollinearity. Perfect multicollinearity occurshegn a parameter is a linear combination of one or more other
parameters and thus accounts for a piece of variance thae@ds accounted for. The fact that most parameters
in this paper are related to the Solution Space creates Kiedef problems. When combining multiple Solution
Space parameters in one model this fact should be stronglidered. Also the Number of Aircraft shows signs of
multicollinearity with the Area parameters, which suggebat these two parameters account for similar parts of the
variance. The fact that all parameters are highly corrélati¢h each other also suggests that the Number of Aircraft
in the sector strongly influences the Solution Space prigserthis makes sense, because each aircraft in the air space
will also generate a CoZ on the Solution Space Diagram ansl ¢batribute to the Solution Space Area parameter.
On top of that, both parameters are highly correlated wighl8A score, which suggests that the parameters behave
similarly.

E. Different Options

From the results it became apparent that the time limitetigt being options 3,4 and 5, scored best for the Area
parameter. Especially Option 4 showed high correlatiorth tie ISA score. Option 4 had its time limit set to 10
minutes in simulated time. This result indicates that, wbemfronted with a two dimensional ATC-like environment,
a subject will base his workload on the next 10 minutes of &ed time, or 2.5 minutes of real time.

However, the results involving the Change parameter teiffardnt story. Only several Change parameters from
option 3 offered high correlations with the ISA scores. 8inption 3 was time limited to 5 minutes in simulated time,
this would indicate that, when only observing the changénefsituation, a subject bases his workload on the next 5
minutes of simulated time, or 1.25 minutes of real time.

The difference between these two parameters is intereatidgsuggests that planning of trajectories, as can be
represented by the Area parameter of the Solution Space, iistegral part of the workload for the medium time
range. Manoeuvring of aircraft only adds to the workload mhicraft are in relatively close proximity to each other,
hence the Change parameter only has a high correlation foraterm Solution Space representation. Note that the
relationship between real time and simulated time has nen legplored for other simulation speeds than four times
real time.

VIl. Conclusions & Recommendations

It can be concluded that the Solution Space parametersghiy ltiorrelated to the measured subjective workload,
be it with the same order of magnitude as the Number of Aitckdwever, the Number of Aircraft is usually deemed
too limited to be used as a workload metric. The fact that thlet®n Space includes heading and intent information
probably make it more robust compared to the Number of Afténapredicting ATCo workload. Also, the fact that
this experiment used a completely free air traffic sectoth wb predefined route structure, resulted in a situation
where the Number of Aircraft is a very likely predictor of vikiwad, which could have contributed to high correlation
between the Number of Aircraft and the workload measuresnent

The fact that a high correlation was found between the Swiuipace parameters and the ISA scores suggest that
continuation of this line of research is required. The aurresults support the hypothesis that the Solution Spage ha
a strong relationship with the subjective ATCo workload.wéwer, the results are not strong enough and the tested
parameters did not cover all possible settings in the Soiufipace calculations. A possible increase in correlations
could be found in optimization of the time limit options. Ttest resolution for this experiment was set at 5 minutes,
which leaves rather large gaps in the analysis. Also the @dhaarameter was found to be strongest for the 5 minute
option, which suggests that an even tighter time limit caffdr better results.

In future experiments, different air traffic schemes shalgb be explored, in order to test if this presentation
of air traffic indeed biased the measurements towards geltiigh correlations with the Number of Aircraft. The
current task focussed mainly on controlling aircraft toggapne point, which is a situation where the Number of
Aircraft is intuitively strongly related with the workloady creating situations where an ATCo gets multiple tasks,
the relation between the subjective workload and the Numb&ircraft should be lower than found in this experiment.
Expansion of the Solution Space concept to the third spditaénsion would also be a logical next step. However,
it should be kept in mind that an ATCo uses a two dimensiorslali environment to control the air traffic. Even
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though the ATCo is aware of the fact that he is controllingtaiffic in a three dimensional environment, the two
dimensional visualization could lead to unexpectedlyrgjroorrelations between the two dimensional Solution Space
and the subjective workload measured in a three dimensematonment. Also, it might be advisable to use only
active air traffic controllers in future experiments. Th#etence between groups was not unacceptably large for this
experiment, but the introduction of a third dimension migitrease the difference between experienced air traffic
controllers and other subjects even further.

As an afterthought, the fact that the Solution Space gotdrigbrrelations than the Number of Aircraft did for a
situation where only one aircraft was controlled, whilesd@orrelations are found to be of a same magnitude for the
situation where multiple aircraft were controlled, suggébkat the Solution Space might prove to be a good workload
metric for vehicle controllers. In this context a vehiclentoller should be taken as a broad definition, containithg jo
descriptions as pilots or ship captains. The possibilifgtexhat the Solution Space has a stronger relationship wit
the workload experienced in controlling one vehicle thethvlie workload experienced in controlling air traffic and
thus multiple vehicles.
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Table 12. Time shifted correlations (R) (all withp < 0.01)

Appendix: Time shift table

AT [min]
Parameter -4 -2 -1 0 1 2 4
Baseline Num of A/C 334 477 530 569 536 488 320
Num of Comm| 89 176 248 259 227 192 93
Area, 180 Option 1 228 377 459 545 542 516 344
Option 2 217 366 459 538 527 508 372
Option 3 236 401 487 550 519 466 2%
Option 4 259 417 501 566 551 515 362
Option 5 235 393 479 552 543 517 374
Option 6 225 369 456 531 521 505 364
Option 7 213 358 452 532 529 507 373
Option 8 206 356 448 529 527 510 378
Option 9 262 411 488 543 523 492 357
Option 10 263 400 477 531 511 487 369
Change, Option 3 45 117 247 332 408 396 338 214
9 140 279 380 455 442 385 253
18¢° 159 276 363 450 418 367 229
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