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An approach is suggested for the incremen-

tal use of real-time ATC simuiations for con- .
cept development and human factors evaluation -
of automation systems. Emphasis is placed on :
the characteristics that distinguish research -

simulators from-those used primarily for train-
ing. Four general-levels of simulator fidelity
are identified for two ATC environments of in-

terest: the radar room and the control tower.

Fidelity requirements are generated by the spe-

cific needs of the particular human factors study -
to be conducted, ranging from part-task single- -

controller simulation used for concept demon-
stration to full-mission simulation of multiple
ATC facilities to examine issues of interaction
among automation systems. This approach is
applicable to smaller simulations performed at
an R&D contractor site as well as large-scale
system integration studies conducted at a high-
fidelity, centralized, simulation facility. It has
been applied to the design of simulations of
ATCT and TRACON environments that are be-
ing used for the evaluation of displays, con-
trols, and procedures for the Airport Surface
Traffic Automation (ASTA) and Terminal ATC
Automation (TATCA) projects.”

INTRODUCTION

With recent advances in computer worksta-
tion technology, it has become possible to
construct real-time Air Traffic Control simula-
tions of high fidelity at a relatively low cost.

Just as aircraft cockpit simulation has expanded

from its initial role as a training tool to that of
an important proving ground for new flight
deck designs, ATC simulation has become an
integral part of the FAA research and develop-
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ment process. The strength-of real-time simu-
lation with human operatots in-the-loop lies in
the ability to present complex scenarios under
precisely controlled and repeatable conditions.
Situations that are infrequent-and hazardous in
thé ‘actual operational environment may be
studied in detail with.simulation. Moreover,
the flexibility of simulation lends itself well to
rapid prototyping, a cost-effective method that

shortens the iterative process of system design

and evaluation.- Control of the simulated envi-
ronmént is essential to-a human factors evalua-
tion of new ATC design concepts, but achiev-
ing the properlevel of simulator fidelity for a
particular set of evaluation goals requires care-

ful attention to the particular tasks to be per- - -

formed. The fact that it is now easier to con-
struct a high fidelity simulation may exacerbate
the problems associated with their overuse.l
Despite these limitations, simulation is likely
to be the primary means by which future ATC
automation systems will be evaluated prior to
initial field trials.2

Although commercial ATC training simu-
lators with a wide range of capabilities are cur-
rently available, there are unique demands im-
posed by the research and development process
that, in many cases, run orthogonal to the
needs that drive the design of a training simula-
tor. The uiility of a training simulator is mea-
sured by the effectiveness of training transfer
coupled with the ratio of operating costs asso-
ciated with simulator and on-the-job training.
In fact, the achievement of a high level of op-
erator-perceived fidelity in a particular training
simulation may not be a primary design goal,
for studies have shown that this is not an accu-
rate predictor of training effectiveness.
Limitations of training simulator fidelity are
often dealt with through the use of mediating
actions by the trainee, such as manual manipu-
lation of model aircraft on an airport mockup
for tower controller training. These mediating
actions are easily shed by the trainee in the ac-



tual environment where they are no longer
needed. In some instances, the mediating ac-
tion that supports a controller clearance (e.g.
the manual movement of a model aircraft de-
scribed above) will transform to the real-world
action of verifying that a clearance has been
followed. Finally, the capacity of a training
simulator, as measured by the complexity of
the traffic it can represent, is limited simply
because they are generally designed to generate

scenarios for the ab initie student,

By contrast, the real-time simulation used
for research is primarily oriented to system
evaluation where it is necessary to obtain reli-
able and repeatable human factors data. In this
case, it is essential that controller behavior in
the simulator is well matched, or at least con-
sistently related, to behavior in the actual envi-
ronment. To obtain objective performance
measures, it is important that the experimental
conditions be controlled for the types of re-
peated-measure study designs necessary for ac-
curate statistical analysis.> Subjective mea-
sures such as workload ratings and opinions
may be strongly influenced by the level of
simulation fidelity perceived by the participat-
ing controllers. Objective performance mea-
sures selected by the investigators will, in gen-
eral, be related to the type of automation being
cvaluated. For example, a controller using an
automated planning tool to vector arrival air-
craft in the terminal area may achieve near-op-
timum arrival rates by virtue of the automation
aid, but there may be a question as to the im-
pact, upon overall workload, of the task of
monitoring the closely-spaced aircraft. The de-
velopment and use of combined measures to
address particular issues gives rise to the re-

quirement that the simulation software be flex-

ible and easily modified.

Despite the restrictions imposed by the

above considerations, it is possible to construct .

real-time ATC research simulations with suffi-
cient fidelity for a wide variety of human fac-
tors studies without resorting to costly full-
mission simulation. In fact, it is advantageous
to begin the system development process with
simpler studies in order to obtain an under-
standing of the human factors issues prior to

resoriing to a complex simulation that may
yield results that are difficult 1o interpret.8

The balance of this paper will be devoted to
a description of four levels of real-time simula-
tion applicable to ATC automation research.
As described above, one of the primary goals of
such a simulation is to collect human factors
data. Therefore, it is useful to define the func-
tional requirements for each level of simulation
fidelity in terms of the particular type of hu-
man factors study to be carried out. These will
be illustrated by examples of TRACON and
Air Traffic Control Tower (ATCT) simulations
used for work in progress at MIT Lincoln
Laboratory as part of the Terminal Air Traffic
Control Automation (TATCA) and Airport
Surface Traffic Automation (ASTA) projects.
‘This research is aimed at providing controllers
with automation aids to assist them in the
planning and safe execution of traffic move-
ment in the terminal area and on the airport
surface, More complete descriptions of
TATCA and ASTA may be found else-
where.’:8

NCEPT DEMONSTRATION

When an aatomation system that involves
a new operational concept is proposed, it is
necessary io demonstraie this io the end users
(in this case, controllers) and obtain initial
feedback on the potential advantages and limita-
tions of the human/system interface, This is
often best accomplished through a part-task
demonstration simulation. In many cases, the
demonstrator will consist simply of a display
prototype running on a general purpose com-
puter workstation (e.g. the IBM RS 6000).
The demonsiration may be interactive, in the
sense that the controller can issue clearances
and make inputs to the automation by using
the human/system interface. A specific exam-
ple of this is a basic radar display simulation
developed for TATCA and illustrated in Figure
1. A computer workstation is used to provide
a representation of a terminal radar display used
by a TRACON controller (Final Vector or
Feeder). The TATCA planning aids (providing
sequence, timing, and conformance indications)
are depicted on the radar display. Arrival and
departure traffic are penerated automatically and



move in response to clearances autornatically
generated by the simulation and depicted on the
radar display. In this configuration, the simu-
lation is not interactive in the sense that con-
troller actions are defined by the simulation,
but a controtler observing the operation of the
TATCA planner can begin to form an opinion
on the system operation. Interactive simula-
tion is achieved with the addition of a
pseudopilot at a second workstation who
responds to controller commands in real time
and allows the evaluator to experiment with the
use of the TATCA planner. The combination
of a non-interactive demonstration with an
interactive part-task simulation has proved
extremely valuable in refining the functional
requirements and constraints of the TATCA
human/system interface.

Terminal Radar

/’ Display

Controlier

Pseudopilot

Figure 1. The basic level of research simula-
tion, this concept demonstration was used for
initial TATCA human/system interface evalua-
tion. A computer workstation is used to depict
a single terminal radar display with candidate

display enhancements provided by TATCA..

Addition of a pseudopilot station allows the
demonstration to become interactive.

The "tabletop” concept demonstrator de-
scribed above can provide a rapid and qualitative
evaluation of a candidate human/system inter-
face. However, by definition, this type of
simulation operates out of the context of a full

ATC task load. The effectiveness of the simu-
lation depends on the ability of the evaluators
to extrapolate performance to the "real world"
and the results obtained should therefore be in-
terpreted with caution. However, the concept
demonstrator has the potential to provide valu-
able insight during the crucial initial stages of
system development with a relatively low in-

vestment
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As a proposed automation system design
matures, the need arises for more reliable and
quantitative performance data than can be ob-
tained with a simple concept demonstration.
This places much more rigorous requirements
upon the simulation in terms of its capacity for
interaction and control of experimental vari-

ables such as traffic generation and pseudopilot
response. Controllers must be able 1o use
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some set of the automation functions envi-
sioned for the candidate system under realistic
traffic conditions. By definition, this type of
simulation is part-task in nature and may con-
sist simply of a single controller position with
one or more supporting pseudopilot positions.
The actions of controllers at adjacent control
positions may be simulated automatically or
through the use of pseudo controllers if verbal

communications fidelity is desired. The opera-

tion of the automation human/system interface
in this type of simulation will focus on a sin-
gle mode of operation, rather than the transi-
tion among modes.

~ Figure 2 illustrates a part-task ATCT simu-
lation under development for evaluation of the
ASTA human/system interface. The initial
evaluation will be conducted under low-IFR
conditions when direct visual traffic surveil-
lance is not possible, thus eliminating the need
for an external visual system. Two tower con-
troller positions, Ground and Local are pro-
vided. The Gate position is occupied by a
pseudo controller to provide Ground with depar-
ture flight strips and coordinate aircraft push-
back times. Computer workstations are used
to simulate the BRITE terminal radar and the
ASDE-3 (Airport Surface Detection

Equipment) surface radar displays. Additional

computer workstations are located in a separate




room for pseudopilots. A communication
system, similar in operation to typical ATCT
equipment, permiis Ground and Local to issue
taxi, takeoff, and landing clearances to the
pseudopilots.

Actual traffic data from operations records
at a particular airport are used to generate sce-
narios for the simulation. In a series of 1 to 2-
hour simulation runs, the Ground and Local
controllers will control traffic and evaluate
ASTA display opiions depicied on the ASDE-
3. Although low-IFR operations represent a
small fraction (approximately 5%} of the total
operations at a typical tower, these studies will
provide valuable initial results, particularly be-
cause they are conducted under conditions where
the controllers rely heavily on the ASDE for
surface surveillance.

Communicatlon %

Statlon

Pseudocontroller

Figure 2. Part task ATCT simulation for ASTA
evaluation under low-IFR conditions {no external
view from the tower cab). Ground and Local con-
troller positions are provided with radar displays
and flight strip holders. Pseudopilots and a Gate
pseudo controller provide communications fi-
delity. This type of simulation may be used for
early concept development.

The simulation described above is capable
of producing a reasonably high fidelity repre-
sentation of an important subset of the tower
controflers’ tasks., The simulation is not de-
signed for scenarios that include changes in op-
erations mode (e.g. transition to VFR condi-
tions) nor is it full-task in the sense that many
of the controller duties such as coordination
with other tower staff are not included.

T1- LLER EVALUATT

One of the advantages of ATC automation
is the potential it holds for improved commu-
nication and coordination among controllers
within a given ATC facility. In the case of
traffic plans generated by TATCA and ASTA,
controllers will not only refer to the plans, but
will be able to interact with the plan and mod-
ify it to suit current conditions. There are im-
portant human factors issues surrounding the
timing and hierarchy of such controller inputs,
given that a single plan may be simultaneously
viewed by a number of controllers. In order to
address this, it is necessary that a simulation be
capable of producing and environment in which
this interaction may take place. This requires,
in general, multiple controller positions and
more-complex traffic generation. With more
controllers involved in the simulation, the ex-
perimental variables associated with objective
performance measures become more difficult 10
control due to the effect that one controller's ac-
tions has on the traffic entering another con-
troller's sector. Again, the experience gained in
preceding studies conducted under simpler con-
ditions (requiring less complex simulation)
will prove valuable, not only in the interpreta-
tion of results, but in the design of experi-
ments.

An example of this type of multi-controller
simulation can be illustrated by one portion of
the TRACON simulation developed for
TATCA evaluation (see Figure 3). Both the
Final Vector and Feeder Controller positions
are present with radar displays simulated on
computer workstations. Since this simulation
is designed to examine issues of coordination
within the TRACON, arrival traffic from adja-
cent sectors controlled by an ARTCC is gener-
ated automatically. As in previons simula-
tions, the automated functions of TATCA are
active and provide planning information to the
controllers. However, in this simulation, both
Feeder and Final Vector controllers are operat-
ing with the same TATCA plan and, as in the
actual environment, the traffic sequence and
spacing received by Final Vector will be the re-
sult of the actions of the Feeder controller.
Moreover, both controllers may make inputs to



the plan. The addition of Departure controllers
to this type of simulation involves the addition
of computer workstations for the radar displays
and the augmentation of the scenario generation
routines to accommodate departure traffic.

& k& 3 ’5
Feader Finel Vector
Controller Controller

Pseudopilots

Figure 3. Portion of multi-Controller simula-
tion developed for TATCA evaluation.
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Multiple positions within the TRACON are

provided to assess the effect of the TATCA
planner upon the coordination between adjacent
sectors and the dynamics of multiple con-
trollers interacting with the planner.

FULL-MISSION EVALUATION

At some point in the development of au-
tomation aids for controllers, it becomes neces-
sary to evaluate their effectiveness within the
complete context of the controller's tasks. The
only alternative to a direct field evaluation is a
full-mission simulation. Again, the issue of
proper control of the experimental variables
arises in the context of a field evaluation, The
need for a full-mission evaluation is particu-

larly important when one considers the impli- .

cations of several individual automation sys-
tems operating in adjacent ATC facilities. For
example, the traffic planning functions of
ASTA and TATCA will be active and operat-
ing within the ATCT and TRACON, respec-
tively, formulating efficient schemes for traffic
movement on the airport surface and within the
terminal area. Each relies on input from the

other to gencrate these plans. At the same
time, enroute automation (AERA) will be gen-
erating planning information for the adjacent
enroute sectors and will require information
from TATCA. Globally, flow control automa-
tion will be formulating alternative plans to
accommodate system-wide factors such as
weather and navigational aid problems.
General parameters such as airport accepiance
rate or specific information such as arrival and
departure timelines will be available as an out-
put of the TATCA and ASTA traffic plans.
The effects of propagation of this type of in-
formation from the surface (ASTA) through the

terminal area (TATCA) and the enroute airspace
{App A} to the Ceantral plnur Control
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Facnhty s Enhanced Traffic Management
System (ETMS) are not known. Some of
these issues may be resolved in non-real-time
simulation, but the effects of decision making
and input by controllers at each of the ATC fa-
cilities must be addressed in a large-scale simu-
lation that includes multiple facilities, each
represented by a full-mission simulation,

One of the most challenging ATC envi-
ronments to simulate in this manner is the
ATCT, The primary reason for this is the re-
quirement that controllers use direct visual
surveillance of traffic on the airport surface as
well as reference to displays within the tower
cab, The interaction of these two tasks is an
important element in any human factors evalu-
ation of tower display systems. The develop-
ment of an out-the-window visual system for
full-mission ATCT simulation is a technical
problem that remains to be solved. Such a
system must be capable of generating a realis-
tic visual scene that can depict approximately
50 active aircraft on the airport surface and in
the immediate vicinity as well as provide for
movement of the controllers within the tower
cab. Servo-projector visual systems are ca-
pable of preducing the high resolution required
to depict distant targets, but because each air-

craft reemires a dedicated nroiector. mechanical
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mterference limits the number of projectors
that may be active in a given airport scene to
approximately 10. Computer graphics imagery
(CGI) systems are capable of producing a suffi-
cient number of aircraft, but performance in the
neighborhood of 150,000 polygons per second



per tower window is required to provide smooth
apparent movement of aircraft of rcasonable
geometric fidelity (100-150 polygons) and CGI
alone cannot achieve the resolution needed for
distant targeis. It is possible that some combi-
nation of CGI and servo-projection system may
be required to achieve the level of fidelity nec-
essary for full-mission simulation. Such a
system represents & major investment in equip-
ment, software, and maintenance. Work must
be done to develop low cost alternatives, for at
the present time, there is no commercial train-
ing or research ATCT simulation that has a vi-
sual system capable of full-mission simulation
of operations at a busy airport.

Figure 4. Level 4 full task ATCT simulation
Jor ASTA evaluation in the TCCC environ-
ment. Five tower confroller positions
{Ground, Local, Gate, Flight Data | Clearance
Delivery, and Supervisor) are provided with
workstations that simulate TCCC functions.

A compleie evaluation of the ASTA hu-
man/system interface will require the treatment
of information transfer and coordination among
ATCT controllers and other automation sys-
tems such as TATCA, AERA, and ETMS,
Figure 4 is a schematic illustration of the type
of simulation required. In this case, the con-
troller positions are provided with the Tower
Position Consoles that wiil be available with
the Tower Computer Control Complex as part
of the Advanced Automation System. The
simulation depicted in Figure 4 includes five
tower controllers:  Flight Data/Clearance
Delivery, Gate, Ground, Local, and Supervisor,
but different tower staffing levels and configu-

rations are possible. In the case of an evalua-
tion requiring multiple facilities, the ATCT
simulation would be linked with one or more
additional stand-alone simulations of those fa-
cilities.

THE USE OF PSEUDOPILOTS

Information transfer by verbal communica-
tion is, and will continue to be, an important
task facing the ATC controller. Providing ade-
quate communications fidelity in simulation,
therefore, is a requirement for all levels of in-
teractive, real-time simulation described above.
The results of a particular study will, in gen-
eral, be sensitive to the performance of the
simulated communication system, whether or
not it employs human pseudopilots. At the
present time, there is no substitute for the use
of human operators acting as pseudopilots in
research simulation. The technology of voice
recognition systems has not yet reached the
point where it can reliably handle the continu-
ous speech and speed of controller communica-
tion in a typical traffic scenario. One excep-
tion to this is the simulation of data link opei-
ations where no direct verbal communication
with the flight deck is employed. In any case,
accurate models for the response of pilot and
aircraft are still required to obtain valid results.

Central to the issue of the effectiveness of
the use of pseudopilots is the design of the
controls and displays they use to manipulate
the simulated aircraft in response to communi-
cation with controllers. Pseudopilot interfaces
for the control of airborne aircraft have been
developed for both research and training simula-
tion. Although there are refinements needed to
improve the handling of airborne aircraft, the
design of a proper interface to allow a
pseudopilot to control an aircraft on the ground
poses a somewhat more complex problem due
to the fact that multiple communications chan-
nels are used and, in general, the clearances is-
sued by ATC involve implied actions that
place a heavy workload on the pseudopilot.
For example, compliance with a taxi clearance
that involves a series of taxiways, hold short
instructions, and a frequency change is a chal-
lenging task for any pseudopilot, since that
person is usually attempting to control more
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may be alleviaied somewhat by employing a
strategy that assigns pseudopilots to a particu-
lar portion of the airport surface rather than to
individual aircraft. The simulated aircraft
would then be "handed-off” from ene
pseudopilot to another as the aircraft moved
from one portion of the airport to another. It
is interesting to note that the same issues of
communication and coordination arise for

oot lmin amamlaeine thia tuvnas nf otrateoy ac

pseudopilois employing this type of strategy as
do for the ATC controllers with which they
interact. We are currently addressing this
problem within the ASTA simulation with a
graphics-based pseudopilot interface, but much
work remains to be done in this area.

CONCLUSIONS

There are several low-cost alternatives to
full-mission scenarios that can be applied to a
research and development effort involving real-

time ATC simulation. An incremental ap-

proach to the design of a simulation takes ad-
vantage of the fact that initial human factors
evaluations of a new automation systcm are
likely to be limited in scope and have goals
that may be met with part-task workstation-
based simulations. In many cases, the demands
of a particular investigation will force devel-
opment of experiment-specific software.
However, common needs, such as an effective
pseudopilot interface and aircraft performance
models will continue to be applicable as the
simulation becomes more complex.

Ultimately, there is a need for full-mission
simulation capability to address the issues as-
sociated with the coordination of automated
functions within and among ATC facilities,
particularly when changes occur as the result
of controller input or other factors. While full-
mission simulations exist, or are under devel-
opment for TRACON or ARTCC studies, the
construction of a full-mission ATCT simula-
tor remains as a major technical challenge,
primarily due to the requirement for a high-fi-
delity visual system and the difficulty of de-
signing an appropriate pseudopilot interface ca-
pable of handling the high traffic volume pre-
sent at a typical large airport. One potential
benefit of a national simulation facility will be

that it will have the capability to support the
ype of full-mission simulations that will be

required as automation systems mature,
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