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Shifts in air traffic controllers’ situation awareness during high
altitude mixed equipage operations
Sarah Gregg, Lynne Martin, Jeffrey Homola, Paul Lee, Joey Mercer, Connie Brasil, Christopher Cabrall,
and Hwasoo Lee
San Jose State University Foundation at NASA Ames Research Center
Moffett Field, CA
Abstract. Studies of future airspace design often predict that automated tools will be available to assist
the controller and sometimes complete tasks independently of controller intervention. How this
redistribution of functions will change the role of the controller needs to be considered, as does its impact
on the controller’s awareness of aircraft movement in their sector. In a study of high altitude operations in
future airspace where aircraft were equipped with different levels of data communications capabilities, it
was found that about half of the participants positively attributed the contribution of the automation as
assisting their own level of situation awareness (SA) – and hence perceived themselves as being in a better
position in terms of SA under more automated / equipped conditions. Whereas the other half of the
participants, who did not consider the automation to assist their situation awareness, perceived themselves
as having higher SA under conditions that were closer to the current day. With increased reliance on
automation and higher expected traffic volume in the future, controllers will need to rethink what
constitutes as their SA since they will no longer be able to have a complete awareness of their airspace as
they do now. Insights into new SA strategies that can factor automation’s contribution and integrate it into
controllers’ awareness could be helpful in future training and tool design.

Not subject to U.S. copyright restrictions. DOI 10.1177/1071181312561040

INTRODUCTION
Air Traffic Controllers’ expertise lies in their ability to
understand the performance and speed of aircraft, their current
positions, their future positions, and how these will interact in
the given airspace of a sector. A key component of an air
traffic controller’s expertise lies in developing “situation
awareness” (SA), which has been described as “the perception
of elements in the environment within a volume of time and
space, the comprehension of their meaning and the projection
of their status in the near future” (Endsley, 1988, p792).
Because SA is an important component of a controller’s
duties, developing and maintaining SA forms a large part of a
controller’s workload (Durso, Hackworth, Truitt, Crutchfield,
Nikolic & Manning, 1999). To keep the demand on a
controller’s cognitive capabilities within bounds, the number
of aircraft allowed into many en route sectors is limited. This
limitation is intended to hold controllers’ workload at
manageable levels (and reduce the risk of error). However, the
Next Generation Air Transportation System (NextGen)
predicts that traffic demand will increase for the next 15 years
(JPDO, 2011, p2-25). This could raise controller workload to
unmanageable levels and render situation awareness (as
defined above) impossible to achieve if controllers continued
to use current methods. Because controllers will no longer be
able to maintain an awareness of all the aircraft within their
sector, the development of automated tools and revisions to
airspace design are being explored.
In July 2011, a human-in-the-loop simulation researching
flow corridors was conducted in the Airspace Operations
Laboratory (AOL) at the NASA Ames Research Center
(Homola et al., 2012). This simulation examined the feasibility
and benefits of creating highly structured routes, or
“corridors”, flown by aircraft with common avionics equipage

at common speeds to increase the sector capacity. The
corridors aimed to decrease controller workload by creating a
structured and predictable flow of aircraft with matched
speeds and headings, allowing the aircraft to be appropriately
spaced, thus reducing the complexity of the traffic.
In addition to the corridor structure, the provision of data
communications (Data Comm) aimed to decrease controller
workload by allowing 4D trajectory amendments to be
uploaded as well as transfer of communications (ToC). The
proportion of aircraft equipped with Data Communication was
varied across the study conditions. Also, controllers were
provided with some automated separation tools, such as
conflict alerts, to flag particular aircraft that required action.
Since the study aimed to present traffic demand that was
impossible to manually control, it was predicted that
controllers would have to rely on the automated tools to gain
SA of particular aircraft that required an action, instead of
maintaining an ongoing awareness of every aircraft in the
sector. This suggests that controller strategies for SA may
have to change as traffic increases and automated tools and
airspace design develop. The implication of this argument is
that the criteria for which elements/ aircraft controllers have to
be “aware” will change. The focus of this paper is to explore
whether and how controllers’ SA strategies are shifting and
the implications for future air traffic operations
METHOD
2.1 The Simulation: Airspace, corridor structure, traffic
levels
The study was run in the AOL at the NASA Ames Research
Center using Multi Aircraft Control System (MACS) software
(Prevot, 2002). MACS provides an environment for rapid
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protottyping, human-in-the-loop airr traffic simulaations, and
evaluuation of curren
nt and future airr/ground operaations.
Thhe test airspace was super-high
h en route sectors (Flight
Levells (FL) 330 and
d above) in the Cleveland Cen
nter (ZOB) as
shownn in Figure 1; see
s Homola, ett al. (2012) for more details
aboutt the study. Eacch corridor wass a one-way rou
ute travelling
both tto and from thee New York Metro
M
area at two
o separate
altituddes (FL340 and
d FL360). Each
h corridor had two
t parallel
lanes to accommodaate aircraft flyin
ng at two different speeds.
The ccorridors were considered
c
a paart of each secttor and were
manaaged by the resp
pective sector controllers.
c
Alll aircraft were
equippped with flightt management systems (FMS)) with
Autom
matic Dependeent Surveillancee-Broadcast (A
ADS-B) and
area nnavigation (RN
NAV) capabilitiies. The aircrafft in each
scenaario varied by equipage,
e
defin
ned by whether or not they
had D
Data Comm cap
pabilities (uplin
nking route, alttitude, speed,
and trransfer of comm
munications). Aircraft
A
unequiipped with
Data Comm did nott have these cap
pabilities and reequired voice
comm
munication from
m the controllerrs.
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Corriidors, MNC); aand (4) only unnequipped aircraft within
corriddors (Unequippped-in-Corridoors, UiC). Nonn-corridor traffiic
in eaach sector consiisted of a 50/500 mix of Data Comm
equippped and non-D
Data Comm (uunequipped) airrcraft for all
condditions. The EiC condition haad about 66% D
Data Comm
equippped traffic perr sector across the scenarios aand the UiC
conddition was the m
mirror image w
with about 66%
% of its traffic
beingg unequipped. In both condittions, two thirdds of this traffic
was iin the corridorss, reducing thee complexity off the flows in
the seectors. In the M
MiC conditionn, although corrridors were
preseent they containned an equal m
mix of equippedd and
uneqquipped aircraftt, increasing thhe complexity oof sector
manaagement somew
what. The MN
NC condition had the same
traffiic mix as the M
MiC condition, i.e., 50/50, butt no corridor
routee structures orgganizing the preedominant flow
ws.
2.2 Automated toools

Att the sector levvel, conflict dettection automaation was activee
and rresolution suppport was availaable. Voice com
mmunications
weree also availablee at all times beetween controlllers and pilots.
For D
Data Comm eqquipped aircraft
ft, clearances w
were sent eitherr
via D
Data Comm andd loaded into thhe FMS, or viaa voice where
the ppilot manually pperformed the required actionns. Handoffs
and T
ToC for Data C
Comm equippeed aircraft weree automated
and ddid not require controller invoolvement. For unequipped
aircraaft with no Datta Comm capaability, clearancces were verbaal
only and were typiccally followed by controller aactions to
updaate the system aaccordingly. H
Handoff initiatioons were
autom
mated but acceeptance and TooC were perform
med manually
by thhe controller.
2.3 C
Controller task
ks, participan
nts, and data ccollection

Figure 1:
1 Test airspace an
nd its surrounding area.

w based on a previous comp
plexity
Traffic density was
t maximum capacity
c
of a ZOB
Z
sector wass
calculation, where the
U
this as a
set too around 22 airccraft (Prevot & Lee, 2011). Using
capaccity threshold, traffic
t
was sch
heduled through
h the test
airspaace at two trafffic densities (H
High and Max).. High traffic
condiitions were buiilt to have a 30 minute period
d (during a 1
hour rrun) where thee traffic count in
i any one secttor was up to
sevenn aircraft abovee the threshold and Max traffi
fic conditions
were built to have 30
3 minute perio
ods where the traffic
t
count in
any oone sector was up to a dozen aircraft
a
above the
t threshold.
Traffiic was not simu
ultaneously hig
gh in all sectorrs as this
wouldd have caused saturation and stifled the problem. If the
trafficc exceeded thee threshold of th
he sector load graphs, a
trafficc flow manageer and area supeervisors coordiinated to
reroute a limited nu
umber of aircrafft out of the co
ongested
sectorrs. This occurrred often in thee Max Traffic but
b rarely in
the H
High Traffic con
nditions.
Thhree different mixes
m
of equipp
ped and unequiipped aircraft
were tested with two corridor structures: (1) only
y equipped
d-in-Corridors, EiC); (2) a
aircraaft within corridors (Equipped
mix oof both equippeed and unequip
pped aircraft within the
corriddors (Mixed-in
n-Corridors, MiiC); (3) a 50/50
0 mix of
equippped and unequ
uipped traffic with
w no corrido
ors (Mixed-No--

Thhirteen recentlyy retired air traaffic controllers from
Oaklland Center (ZO
OA) participatted in this simuulation. Three
contrrollers staffed ssupervisory poositions, five staffed radar (R-side)) positions, threee staffed on-ddemand data (D
D-side)
posittions, and two sstaffed supportting confederatte “ghost”
contrroller positionss. All but one oof the controlleers had
particcipated in prevvious studies inn the AOL and were familiar
with the simulationn platform. Genneral aviation sstudents and
pilotss ran seven sim
mulation-pilot sstations to conttrol the
simuulated aircraft.
Paarticipants tookk part in 1.5 daays of formal trraining to
ensurre their familiaarity with the cconcept, tools, aand
proceedures. Follow
wing training, 32 one-hour runns alternated
Highh and Max Trafffic conditions,, with the four
equippage/corridor cconditions counnterbalanced thhroughout.
Paarticipants werre asked to mannage their trafffic as they
norm
mally would with no special pprocedures for tthe aircraft in
the c orridors. Theyy were asked too give priority to traffic in thee
corriddors (when preesent) and to prrovide service for equipage
(i.e., favor equippedd aircraft to maintain their usser-preferred
trajecctory), workloaad and safety ppermitting.
Daata were recordded for each ruun through the MACS’ data
colleection logs, inclluding losses oof separation (L
LoS) between
aircraaft. Screen andd voice recordings were also collected for
each run at each staation. Followinng each run, thee participants
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completed an online questionnaire that included rating the
three dimensions of the Situation Awareness Rating Scale
(SART, Selcon & Taylor, 1990). A final questionnaire was
presented to the participants at the conclusion of the data
collection that covered topics of interest at a higher level and
included a series of questions about the controllers’ perceived
SA.
RESULTS AND DISCUSSION
In the post-study questionnaire, controllers were asked
about the complexity, sector load, and their situation
awareness under the study conditions. In the responses where
they ranked the conditions, controllers agreed that the MixedNo-Corridors condition was the most complex and they could
handle the least traffic in these runs (Table 1), whereas the
Equipped-in-Corridors condition was the least complex and
they could handle the most traffic in these runs. These reports
are consistent with the intended differences in complexity
between conditions. However, when participants were asked
Table 1. Frequency of participants’ ranking of the complexity of the study
conditions, with most popular rank- position highlighted

Condition
Least complex
Rank 2
Rank 3
Most complex

EiC

MiC
1

UiC

6
1

4

2

3

5

1

MNC
1
1

1

6

to rank the study conditions in terms of the SA they had of
their sector, although half of the participants ranked their
awareness highest in the EiC condition, (as predicted in our
study hypotheses), the other half of the controllers said their
awareness was highest in the Mixed-No-Corridors condition
(Table 2). The remainder of this paper explores other
Table 2. Frequency of participants’ ranking of the study conditions for
when their SA was highest, with most popular rank-position highlighted
[Group 1=light grey, Group 2=dark grey]

Condition
Highest SA
Rank 2
Rank 3
Lowest SA

MiC
1

UiC

3

EiC
1

4

3

3

5

4

MNC
4

4

subjective and objective measures that were taken during the
study to try to account for why these controllers felt their SA
was higher with fewer tools and less structure and ascertain
whether these controllers’ different approaches to creating and
maintaining their SA resulted in consequential differences in
behavior.
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3.1 Survey responses
A post-study question explored the impacts that traffic
equipage had on the way participants characterized their SA.
While some controllers just said their awareness was good or
bad, half characterized their SA by describing the degree of
monitoring they did and whether they kept the data block
expanded for the aircraft. In general, controllers kept the data
blocks expanded for unequipped aircraft and collapsed for
equipped aircraft. For those controllers who had ranked their
SA as highest in the EiC condition (Group 1), collapsed data
blocks were construed positively because this reduced
controllers’ monitoring load. For those controllers who had
ranked their SA as highest in the MNC condition (Group 2),
collapsed data blocks were construed negatively because they
felt they were not actively monitoring these aircraft and so, in
their opinion, they did not have awareness of this traffic. Both
groups of controllers agreed they relied more heavily on the
automation with respect to equipped aircraft. It is interesting
that the dichotomy between these two groups is not in their
behaviors – most manipulated their data blocks in similar
ways – but in how they perceived a greater proportion of
equipped aircraft and a greater need to rely on the automation
to both flag and solve problems as either freeing (Group 1), or
reducing their general awareness (Group 2). This observation
then suggests that some of our participants may have
embraced working with the assistance of automation more
readily than others, which may be related to their perception of
their own awareness. To further explore participants’
perceptions of their SA, participants’ SART ratings were
compared.
3.2 SART
The three dimensions of the SART (Selcon & Taylor, 1990)
asked participants to rate the information available in the
situation (“understanding”), how much mental demand the
situation placed on their attention (“demand”) and how much
spare mental capacity they felt they had available to deal with
the situation (“capacity”). Participants rated these elements
from 1 “very low” to 7 “very high”. The rankings were sorted
into the two groups identified above (by the participant’s
general view of when their SA was highest) and by the
position the participant worked (R-side, D-side), then by
condition (EiC, MiC, MNC, UiC) for each traffic level (Max
& High). The mean rating for each of the 32 runs was obtained
to allow descriptive comparison. D-sides were excluded from
the following analyses because they did not always participate
in a given run. Additionally, R-side ratings are discussed only
under Max Traffic conditions (a total of 16 one-hour runs) due
to space limitations, although the data during High Traffic
conditions yielded similar findings.
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Figgure 2 and Figu
ure 3 show meean SART ratin
ngs for the two
groupps of controllerrs. Each clusteer of bars represents a
dimennsion, and with
hin each cluster the four bars represent
each study condition
n under the Maax Traffic scen
narios. Group
2 (Figgure 2) reporteed the lowest deemand and the highest
capaccity, on averagee, in the EiC co
ondition (left bars
b for each
dimennsion). These mean ratings increased for deemand and
decreeased for capaccity as a functio
on of equipage levels to the
UiC ccondition wherre they reported
d the highest demand
d
and thee
lowesst capacity on average
a
(right bars
b for each dimension).
d

Figurre 3: Mean situaation awareness rratings of 3 SAR
RT subscales
underr four corridor connditions and under maximum trafficc loads for Rside ccontrollers in Grouup 1.

Figuure 2: Mean situattion awareness rattings of 3 SART subscales
under four corridor conditions and under maximum traffic loads
l
for Rside coontrollers in Group
up 2.

Groupp 2 reported sim
milar mean lev
vels of situation
n
underrstanding (rang
ge 5.75-6.12 accross the four conditions).
c
Thhese ratings com
mbine, using Taylor
T
and Selccons’ method
wheree SA is calculaated by Understanding – (Dem
mand Capaccity), to give Group
G
2 the hig
ghest mean SAR
RT score in
the U
UiC condition (M
M=8) and the lowest
l
mean SART score in
the Eqquipped-in-Co
orridors conditiion (M=5), a paattern
consistent with theirr descriptions of
o their SA in the
t
questtionnaires. It sh
hould be noted
d that all of these mean
SART
T scores could be categorized
d as “reasonablle SA” since
the SA
ART metric is scaled from 13
3 “very high” to
t -5 “very
low” when a 7 point rating is used
d for the subscaales.
Grroup 1 participaants reported demand,
d
undersstanding, and
capaccity ratings thatt, as means, haave a similar paattern to Group
p
2 (Figgure 3). Howeever, their ratin
ngs differ in som
me small but
meanningful ways. Although
A
their mean situation
n
underrstanding varieed little (from 6.25-6.75
6
acrosss the
condiitions), the meaan ratings weree a little higherr in the
condiitions with a 66
6%/33% equipage mix compaared to Figure
2 (EiC
C, UiC). These differences across
a
the eightt rating
categories were sign
nificant (F(7,8)) = 21.86, p=.0
003) when
testedd using a Friedm
man two-way ANOVA;
A
and secondary
pairw
wise comparison
ns using Wilco
oxon Signed Rank tests
suppoorted the differrences between
n Group 1 and Group
G
2’s EiC
ratinggs (Z=2.23, p=.026) and theirr UiC ratings (Z
Z=2.33,
p=.022).
Sim
milar to Group
p 2, Group 1 rep
ported feeling the highest
demaand on average in the MNC co
ondition and th
he lowest
demaand in the EiC condition,
c
but their
t
mean ratiings were a
scale point higher, indicating
i
that they felt higheer demand in

generral regardless oof the condition. There was a significant
differrence betweenn the ratings of Group 1 comppared to Group
2 (Z=
=3.82, p=.000)), but not withinn Group 1 or w
within Group
2’s raatings. Capaciity ratings form
med the reversee pattern, as
Grouup 1’s capacity ratings were ssignificantly loower than
Grouup 2’s (Z=-2.366, p=.018), butt there were no differences
withiin the groups.
Thhus, Group 1 feelt the traffic situation was m
more demanding
g
and tthat they had leess capacity thaan Group 2. T
This could be
due tto specific diffeerences in the sectors that theese controllers
workked but may alsso reflect their approach to deeveloping and
mainntaining SA whhen working wiith automationn. Group 1’s
ratinggs combined too give participaants the highesst mean SART
scoree in the UiC coondition (M=100.37) and the loowest mean
SAR
RT score in the EiC condition (M=8.75) (Figgure 4). This
patteern was not connsistent with G
Group 1’s post hhoc
descrriptions of wheen their SA waas highest (see Section 3.1)
but w
was not a signifficant differencce. However, ttheir SART

Figurre 4: Mean SAR
RT scores underr four corridor cconditions and
maxim
mum traffic loads for two groups off R-side controllerrs who defined
their SA strategy differeently.
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scores for all four conditions were greater than those for
Group 2, i.e., Group 1 had a higher SART score in every study
condition (F(7,8) = 22.55, p=.002), which may be an
indication that their approach – using the automation to take
some SA tasks and redefining their SA strategy – enabled
them to maintain a higher level of SA overall in terms of their
own definition.
3.3 Losses of Separation
Another way to look at participant awareness was to review
events, such as losses of separation (LoS), which possess large
SA components both in their identification and in the process
of developing solutions. LoS were recorded in MACS data
logs whenever two aircraft came within 5 nautical miles
laterally and 1000 feet vertically of each other. Separation
violations were not counted if they occurred within the first
five minutes of a given run or lasted less than twelve
consecutive seconds (the duration of an update cycle of the en
route radar displays in today’s system). Additionally, both
aircraft involved in a separation violation had to be owned by
one of the test sectors, and could not have been a result of a
ghost controller or simulation-pilot deviation. Over the course
of the 32 runs, only two LoS occurred. The first LoS occurred
during a MNC condition and the second during a UiC
condition, both under High Traffic levels. Interestingly, both
separation violations occurred in Group 2 controllers’ sectors.
As each LoS occurred, the controller was either at the
beginning or the end of a peak period in terms of traffic count,
and was working on normal housekeeping tasks, such as
making and taking handoffs. It is possible that with the higher
number of aircraft, the demand imposed by housekeeping
tasks, especially if the controller was trying to maintain a
broad level of SA comparable to a current day strategy, would
be large enough that the controller was fully occupied and did
not have the attention resources for general monitoring at that
time. It should be noted, however, that there are too few
observations for conclusions to be drawn from these LoS
findings, and further research is needed.
CONCLUSION
In this study of high altitude en route redesign, one of the
key feasibility questions was whether the controllers could
maintain sufficient situation awareness in highly automated
environments. If the number of aircraft per sector increases,
and automation developed to assist the controller is installed,
controllers’ displays may be configured to reduce workload
but at the cost of controller actions that help to maintain SA.
Our interest was to explore whether or not the controllers
would shift their SA strategies in simulations of future
airspace concepts to utilize the automation.
In this study, participants’ SART ratings and qualitative
responses to SA questions (including some not reported here)
gave an unexpectedly consistent picture of our participants’
approaches to how they focused their efforts to generate and
maintain awareness. It seems that one group (Group 2) was
trying to construct and maintain their SA as they have always
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done, whereas another group, Group 1, may have been
adapting their preexisting SA strategies to take advantage of
the automated resolutions and the task reduction that
accompanied equipped aircraft. Thus, there seemed to be two
approaches: half of our participants favored increased
automation capabilities for directing their attention to where
they needed high situation awareness, whereas the other half
favored maintaining their own SA building routines without
the contributions of automation. Whilst there was no statistical
difference in controller performance between the two groups,
there was some indication that trying to maintain a general SA
(as current day controllers do) became harder with the
increased traffic as both LoS events occurred in sectors where
participants described their SA as better under conditions
similar to the current day (Group 2) (see Homola, et al., 2012
for workload assessments). As air traffic increases in the
future, controllers will need to develop and use SA building
strategies that incorporate the assistance of automation.
Studies such as the one reported above will contribute to an
understanding of how controllers interact with automation and
gain awareness that can be used in training SA strategies and
in the design of automated tools.
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