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This paper desribes study that assessedhe feasibility of developing an adaptive pilot/vehicle
interface (PVI) prototype that uses measures gfilot workload andcomputational situation
assessment models to dritree content, format, andnodality of military cockpitdisplays. The
systemarchitectureconsists ofthree distinct modules: 1) an on-line situatiaesessorthat
generates a “picture” of théactical situation; 2) a pilot state estimator module thetes
physiological signals and other measuresstimate pilotworkload; and 3) a PVhdaptation
module, which usethe assessedituation to determine the pilot's informatioequirements, and
the pilot state estimate to determine thest appropriate modality and fornfatr conveyingthat
information. The prototype display is being integratath the Synthetic Immersion Research
Environments (SIRE) simulator at the Armstrong Laboratory of Wright Patterson Air Force Base.

1. INTRODUCTION

Advances in aircraft performance awegaponscapabilities have led to a dramatic increase in
the tempo of air combat, reducing the pilagilableprocessing and decision time. Furthermore,
technological advances in cockpit electronics have resulted exmosion inthe complexity and
sheer quantity of informatioavailable to theilot. The pilothasmore things todeal with in the
cockpit (each of which is becoming more complex to understand), antimess which to do so
(Endsley, 1993). Tocounter this increasingly complex eronment, advancedgilot/vehicle
interface concepts must make optiraak ofthe pilot’s abilities. An effective PVéhouldenhance
the flow of information between pilot and cockpit in such a way asmpoove the pilot’ssituation
awarenesgSA) while alleviating workload.

To meet these objectives, we believe that three key functiortsl@for in an SA-enhancing
PVI: 1) a means of assessing the current tactical situation; 2) a means of inferring thenpiitls
state; and 3) a methodology for combining these via an innovative PVI adaptation strategy.

The purpose ofthe first function is to usethe aircraft'ssensors tgyenerate a high-level
interpretation of the tactical situation facing the pildte air-combat task is @ocess in which the
pilot must make dynamic decisions under high uncertainty, tiigg pressureand rapidchange.
High pilot SA has been shown to be a key predictor of successmplex time-stressed scenarios
(Endsley, 1989; Endsley, 1990; Endsley, 1993; Endsley, 1995b; Fracker, K$88;
1994Klein, 1994). Givetthe importance of cockp®BA, any advanced PV$hould maximize it
without overloading the pilot with superfluous information.

To compute arassessment ahe tacticalsituation, a means iseededfor integrating the
outputs ofthe aircraft’'svarious informatiorsystems and deriving laigh-level abstraction of the
situation.Our experience ithis study andther related projecteas shownthat beliefnetworks
(BNs) (Pearl, 1988provide an effectivesolution to this problem, and offernatural framework
for encodingcomplex tactical kowledge. BNsenable adesigner to partition a large knowledge
base into small clusters, and then specify probabilistic relationships among variaalels cluster
(and between neighboring clusters). This approtatilitates construction of large, robust
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knowledge bases without explicitly specifying the relationships betalepnssible combinations
of variables.

The purpose of theecond functionis to use physiological (and other) measures to infer the
pilot's mental state Mental staterefers to a set ofmetrics that define theilot's information-
processing burden, mental workload, and engagement level in aask®f Toderive a judgment
of mentalstate, aneed existgor unobtrusive automaticand continuougstimation of thepilot's
mentalworkload. Wierwille and Eggemeie(1993) suggesthat it is often desirable to measure
multiple workload indicators, as a singlenethod may notalways provide anaccurate
measurement.

The use of pilot workload measures in conjunction widstimates of the currertactical
situation offers considerable potential to adapt the display to enhance owsvallenessThis
requiresthe implementation of théhird function of the envisionedystem, aPVI adaptation
strategy. For example, if a workload assessor determines that the pilot'schisia¢l is saturated
(or if his line-of-sight isdirected out thevindow), ahigh-urgency displaylement thawould
nominally be presented on a visual display could be presented auditorally or via force feedback in
the control stick. The PVI could also prioritize and filter visual display components to present only
high-priority informationfor the currentsituation, toalleviate thepilot's visual search.Any PVI
adaptation logicshould be founded on eoherent model of human capabilities, so that the
pilot/vehicle system can operate as effectivelypassible. Ifthe adaptation is performed in ad
hoc manner thatloes nottake into considration human limitations and the pilot's information
needs for accurate SA, the effect may be degraded pilot performance.

2. FUNCTIONAL DESIGN OF ADAPTIVE PILOT/VEHICLE INTERFACE

Figure 1 shows a block diagram of our adaptive PVI architectbmynwithin the context of
an overall pilot/vehiclesystem. This study focused aleveloping a frameworkor the adaptive
interface concept, and creating a limited-scope prototype that demonstrates each key component.
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Figure 1. Overall Architecture of Adaptive Pilot/Vehicle Interface

The overall architectureonsists othe three distinct but tightly coupled modules described in
section 1: 1) an on-line situatiaassessor; 2) pilot state estimator; and 3) the PVI adaptation
module. The pilot interacts with the aircrafting a number of modalitie&raphical displays may
be in theform of head-down displaysiead-updisplays, orhelmet-mountedlisplays.The PVI
provides auditonalerts in theform of tones or synthesized speech, udowglized 3-D ornon-
localized audio as appropriate. Speech recognitiap make ipossible forthe pilot to command
system modes antbntentverbally. The pilot operates the aircraft via manual contrputs, and
he may receive tactile feedback from the controls via (for example) a control loading system.
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2.1 Situation Assessor

The situation assessor block uses the outpenerated by the aircraft avionics to compute the
assessedituationS*, which is a vector defininghe occurrence probabilities of key situational
features. A situation thus defines an aggregated set of states, events and sub-sitaatathgor
some course of action by the pilot. We developed a BN nthdeluantifies théhreat posed by a
radar contac{described asigh, medium low, or nong. This assessment suppotte pilot's
decision to attackavoid, ordefend against théetectedcontact. This network wadeveloped via
knowledge engineering with a domain expert, and it expréissest potential in terms of the type
of contact fighter, bomber etc.), its position with respect to the own aircraft, its behavior, etc.

2.2 Pilot State Estimator

The adaptive PVI's second key driver is the pilot's mental state. By pilot state we mean a set of
metrics that define thepilot's information-processingburden, mental workload, and his
engagement level in a set of tasks. To incorporate a judgment of pilot state intonarRRgement
strategyproperly, aneed existdor unobtrusive,automaticand continuousestimation of pilot
workload. Weexplored the feasibility ofising BNs formodeling pilotworkload, with aninitial
focus onphysiologicalworkload. Pysiological measures have a number of attribtitas make
them attractive, particularly in conjunction with performance-based metrics (Kramer, 1991).

The general strategy of experimental researclthi&n domain is to demonstrate correlation
between measures in one category andther. Wemplemented a BN model of physiological
workload, and developed thaetwork’s quantitative relationsising correlationresults from the
literature. The networkexpressesverall pilot physiologicalvorkload aseitherhigh, medium or
low. Workload is estimatedising physiological measurementaich asheart rate, heart rate
variability, blink rate, blink duration, respiration rate, and EEG measures.

2.3 Pilot/Vehicle Interface Adaptation Module

The final key component of our system architecture is the PVI adaptation module, which drives
interfacecontent, format, and modality. One tbie objectives ofthis study was tadevelop a
systematic approach and formal means of implementing adaptive interfaces.

The development of adaptive interfaces is in masmys analogous tthe development of
automatedsystemsthe designer mustlecidehow far to go with automation. Téormalize this
problem, Sheridan (1992)eveloped a scale quantifying ttegree of automatiorEach level of
the scaleassumes some previous ones (whdiDed) or imposes moreaestrictive constraints
(when ORed).Each successivelevel precludes human intervention to a greater extent, and
introduces additional opportunitiésr machineerror (motivating careful consideration of what to
automate). Inspired by Sheridan’s scale,d&geloped a preliminary taxonomy of ttlegrees of
adaptationof a human/machine interfa¢elMI), shown inTable 1. Each levadorresponds to an
increasing degree of computer-based control of the HMI and undeslystgms. This taxonomy
is intended to have a scope of application that is broader than the military cockpit environment.

Table 1
Scale of Levels of Interface Adaptation
Level Type of Adaptation
1 No interface adaptation; the human controls all aspects of interface operation

2 The computer adapts graphical symbology, and

3 Augments the display by modality, and

4 Manages interface mode and configuration, and
5 Automates specific operator tasks

At level 1, no interface adaptation taketace (a “conventionalHMI). At level 2, the
computer adapts graphicgymbology in amanner thatorresponds taituationalfeatures. The



intent is to drive graphical interface content in a manner that intuitegdports SA. Atevel 3,
the computer augments graphichgplays with multi-modal elementge.g., auditory or haptic
displays). Atlevel 4, the computer takes dhetasks of configuring display modes and settings.
Finally, atlevel 5 the computer offloads specific operator tasks and carries them out itself.

For our prototype, we developed a single aircraft-specific example of each adaptation level:

1: Basic air-to-air radar display, and

2 Adaptation of graphical symbology to show BN-derived threat potential, and

3: Augmentation of radar symbology with audio warnings and alerts, and

4. Computer-based management of radar display mode and configuration, and
5 Computer-based alleviation of pilot tasks during missile evasion maneuvers

Figure 2 presents a snapshot of ititegrated display (implemented in a flight simulator on an
SGI workstation). The italicized annotations show the meaning of various symbology elements. At
the instant shown, a high-threat incoming missile is approximately 7 avilag, while the aircraft
that fired it is veering to its left. Simultaneously, a medium threat fighter radar (indicated by the “F”
within the arrow) has been detected at a range greater than 20 miles (the current display setting).
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Figure 2. Prototype Radar Display.
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