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The Challenge of the Information Age

We are living inwhat hasbeen termedhe "informationage”. In many domainshis
hasmeant ahugeincrease irsystemsdisplaysand technologies.From voice control to
sophisticatedine of sight head mountedisplays,almost anything igossible intoday's
world, but too much is proving to be as big a challenge as too little oncellwagroblem
is no longer lack of information, but finding what is needed when it is needed.

This problem is notsolated to cockpits gpower plants. All aroundus, signs othis
change are present. Whether you are workingheishop floor, inthe world of business,
or just trying to purchase new computer for your homethe dizzying pace of
technological changand vastamount of information preseman bedaunting. We are
constantly being barragedth informationthroughTV, radio, mailings andhundreds of
magaines and journals. Within our companies, repor@nd forms have multipliedand
every aspect of thbusiness igecordedsomewhere. Bringing all of this information
together ina form that is manageable is quite cnallenge. There is simply more
information than anyone can handle.
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Figure 1. The Information Gap

Widespread communicatiomsetworksallow us to communicatewith colleagues in
othercitiesand other continents as dasas weonce communicatedith our neighbors.
Whether they be at home, in the offifiging over the Atlant oceanor hiking through the
Andes. Matchinghataccesdor voice communicatiorare faxmachines.email, and the
world wide web which bring #& and pictures just asasily. And the computerization of
information is onlythe most recentoff-shoot ofthis information explosion.  Arapid
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proliferation inthe publishingworld has seen deluge ofmagazinesjournals,andbooks
crowding our mailbxes and the shelves of our librariesThe world great libraries are
doubling insize every 14 year4,000 new booksre publishedinternationallyevery day

and the number of scientific journals hasreased to thextent thasurveys show that the

vast mgority of articles go virtually unread. Momew informationhasbeen produced in

the last 30 years than the previous 5000 (Wurman, 1989). Yet, in the face of this torrent of
"information”, many of us feel even less informed than ever before. This is because there is
a huge gap betwesethe tons ofdatabeing poducedand disseminated&nd our abity to

find the bits thatare neede@dndprocess them tagher withthe otherbits to arrive at the

actual information that is needed. This problem is realcengpbing, whether your job is in

the cockpitor behind adesk. It is beasming widely recognized that mordatadoes not

equal more information.

From Data to Information

Coming to grips with the challenge of tbeplosion of data iparamount andan mean
the difference between success and failure in many endeaMuss posttechnological age
has been defined as one in which only theke have the rightnformation,the strategic
knowledge, and thikandyfactscan make it'(Bennis, 1977). This brings home &entral
truth of theage we live in. Success gnd even survival) depends on rajty sorting
through, understandingand assimilatingvast quantities ofdata. Whether one is in a
commercial cockpit flyingthrough thunderstorms andealing with other air traffic,
involved in a complekattlefield scenarios withdistributedforces, oroperating ebusiness
in a competitive and dynamigorld marketplace, makingthe rightdecisionswill depend
on having a good grasp of the true picture of the situation.

Success in these endeavors involves far more than halohgfa data. It requireshat
the data be transformed into the required information in a timely manner. lrcombskts,
the body ofavailable datavill need to beprocessed anuhterpretedslightly differently by
differentindividuds, each ofwhom hasvaried anddynamically chaging butinter-related
informationneeds,and properly understood lBach wihin the ontext of a joint mission
(for example thepilot, co-pilot and air trafficcontrol). Creatingnformation from data is
complicated by the fact that, like beauty, what is truly “information” is largely in the eyes of
the beholder. To support the information needs dhalparties in the system and to insure
that they arall properly coordinated andéreading fromthe samepage” isthe critical task
facing us. Achieving this goaldepends on understandihgw peopleprocessand utilize
information in their decision making activities.

Understanding "Human Error"

In 1989, a US Air B-737ailed totake-off atNew York’s LaGuardiaAirport, landing
in the nearby river (National Transportation Saf®bard, 1990). Therecipitating cause
was anaccidentaldisarming ofthe autothrottle. Neither thecaptainnor the first officer
were aware othe criticalflight parameters needed detectand correcthe problem, thus
the take-off was not aborted in a timely manner, resulting in the labe @iircraftand two
passengers.

More recently, a fullyfunctional 757 crashednto a mountain top ir€ali, Columbia
killing 159 people. Inresolving an eor resulting from entering ancorrect navigational
fix, the pilots had lost awareness of where they were in relatitmetmountainous terrain.
Although GPWS provided awarning, hey wereunable toclimb sufficiently to avoid the
mountain top.
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Outside of Strasbourg, an Airbus crashed shotthi®funway. The most likely cause
hasbeenfound to bea miss-enteredjlide slope (3300pm instead 0f3.3 degrees.). The
crew wasapparentlyunaware that they were the wrong mode in enterinthe data and
were not aware that the glide slope they were on placed in their path in the way of terrain.

Such accidents are not confined to aircsgfitem. Consider thiellowing excerpt from
an account of one of this centuries’ major accidents. “Unknown totbepressuranside
the tankwas 2 psigonly 40 minutes before at0:20. But the buildup was notapparent
because no historicédace of thepressure was shown withthe controlroom, and the
operator on the previous shift had not entered this into the log.” (Casey, 1993). As many as
2500 died in théragic accident at thé&nion Cabide plant inBhopal,India in 1984. The
design of the system’s interface did not support this operator in detecting significant cues of
the building problem or in preventing the events that led up to the accident.

As we move into the 21st century, the bigggsillengewithin most industries and the
most likely cause of araccidentreceives thdabel of humanerror. This is a most
misleading termhowever,thathas done mch tosweepthe realproblems undethe rug.

It implies that people amaerely carelessr poorlytrained orsomehow not veryeliable in
general. In fact, if yoexamine thevast majority of these accidentgou'll find that the
human operatowas striving againstsignificant challenges. On day to daybasisthey
cope with hugely demamdy complex systems. They face both data overload and
technology overload. We drill into them lohsts of procedures anchecklistsdesigned to
cope with some of theddifficulties, but fromtime to time tiey are apt tofail. Our
response to this hdseen morgrocedures anchore systemsbut I'm afraid weonly add
to the complexity of the system in theocess. The humarbeing is nothe cause of these
errors, butthe final dumping ground forthe inherentproblems and difficulties in the
technologies we havereated. The operator isusually the onewho must bring it all
together and overcome whatever failures and inefficiencies exist in the system.

Situation Awareness. The Key to Providing Information

So why are people having trouble coping with this technology and data explosion? The
answerlies in understandindnow peopleprocesshe vastamount ofdataaround them to
arrive at effective performance. If we examine thesgdents, anthany more likehem,
we see that theperatorshave no difficultyin physically performing their tasks,and no
difficulty in knowing what is the correct thg to do, but thegontinue tadbe stressed by the
task of understanding what is going onthe sitation. Developingand maintaining a
highly level of situationawareness ithe mostdifficult part of manyjobs. It isone of the
most critical and challenging tasks in many domains today.

Situationawareness (SAgan bethought of as amnternalized mental model of the
current stateof the operator's environment. All of the incomingdata from the many
systems, the outside environmentgllow crew membersand otherge.g. (other aircraft
and ATC) mustll be broughttogether into anntegratedwhole. This integrated piture
forms the central organizing feature from which all decision making and action takes place.

A vast portion ofthe operator’s job isnvolved in developing SA and keeping it up to
date in arapidly changingenvironment. This is a taskat isnot simple in light of the
complexityand sheer number of factors that musttaken into account iorder tomake
effective decisions.
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The key to copingn the "information age" is developingystems thasupport this
process. This is where ourcurrent technologies haveft human operatorsthe most
vulnerable toerror. Problemswith SA werefound to bethe leading causal factor in a
review of miltary aviation mishaps (HartelSmith, & Prince, 1991and in astudy of
accidents among major air carriers, 88% of those involving human error coatttitngted
to problems with situation awareness (Endsley, 199Btgimilar review oferrors inother
domains (such as air traffiontrol ornuclea power)shows thathis is not a problenthat
is limited to aviation, but one we face with many of our complex systems.

Success will go to the developers who understand how to combine and fireseast
amounts ofdatanow availablefrom the many technologicalystems present in order to
provide truesituationawareness (whether it be tioe pilot, the physician,the business
manager or the automobigiver). Thekey here isin understanding tharue situation
awareness only exists the mind ofthe humaroperator. Therefore presenting a ton of
data will do nogood unless it isuccessfully transmitted, absorbed asdimilated in a
timely manner by the human to form situation awareness.

Due toits importanceand thesignificant challenge itposes,finding new ways of
improving SA has beomeone ofthe majordesign drivers fothe development of new
systems. Interest has also increased withenoperational communityhich isinterested
in finding ways to improve SA through training programs. The succesgbubvement of
SA through desigmr training programs requirethe guidance oé clearunderstanding of
SA requirements in the domain, the individual, system and environmental factors that affect
SA, and a design process that specifically addresses SA in a systematic fashion.

Situation Awareness Defined

Situation awareness igormally defined as‘the perception of theelements in the
environmenwithin a volume otime and space the comprehension of theineaning and
the projection oftheir status in thenear future” (Endsley, 1988).Situation awareness
therefore involves perceiving critical factors in the environment (Leel 1 SA),
understanding what thosgctorsmean,particularlywhenintegrated together in relation to
the operator'sgoals (Level 2), and at thehighest level, an understanding of wivaitl
happen withthe system inthe nearfuture (Level 3). These higher levels of SA allow
people to function in a timely and effective manner.

Levell SA - Perceptionof the elementsn theenvironment,

The first step in achieving SA is tperceive thestatus,attributes,and dynamics of
relevant elements in the environment. A pilot needs to perceive important elso@ntss
other aircraft, terrain, system statuand warninglights along with their relevant
characteristics. In the cockpit, just keeping up withll of therelevantsystem andlight
data, other aircraft and navigationaldata can be quiteaxing. Anarmy officer needs to
detectenemy, cidtian and friendly positions andactions,terrain features, obstacles, and
weather An air trafficontroller orautomobiledriver has adifferent set of informatiorthat
is needed for situation awareness.

Level2 SA - Comprehensioof the currentsituation._

Comprehension of the situationbased on aynthesis oflisjointedLevel 1 elements.
Level 2 SA goes beyond simply beiagare of theelements that aneresent, to include an
understanding of the significancetbbse elements ilight of one’s goals. The operators
put togetherLevel 1 data toform a holistic picture ofthe environment,including a
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comprehension ofhe significance of gbcts andevents. For example, upaseeing
warninglights indicating a prblem during take-off,the pilot must quickly determine the
seriousness othe problem in terms of thimmediate airworthiness ofthe aircraft and
combinethis with knowledge orthe amount ofrunway remaing in order to know
whether it is an abort situationmot. A novice operatanay be capable aichieving the
same Level 1 SA as more experienced ones, but may fall far short ofabégnip integrate
variousdata elementalongwith pertinentgoals in ordeto comprehendhe situation as
well.

Level3 SA - Projectionof future status..

It is the ability to project the future actions of the elements in the environment, at least in
the very neaterm, that forms the thirdandhighestlevel of situationawareness. This is
achieved through knowledge ofthe status anddynamics of the elementsand a
comprehension ahe situation(both Level 1 and Level 2 SA). Amalberti and Deblon
(1992) found that a significant portion of experienced piltitse was spent iranticipating
possible future occurrences. This gives them the knowledgetifaghecessary tdecide
on the most favorable course axftion tomeettheir objectives. The ability tproject can
be similarly found to beritical in many othe domainsincluding driving, plant control and
sports.

Theoretical underpinnings

Endsley (Endsley, 1988, 1991991, 1995c) describes theoreticalframework model
of SA. In combination,the mechanisms ofhort term sensory memoryperception,
working memory and longerm memoryform the basicstructures on which SA isased.
According to most research on information processing (for a review see (Norman, 1976) or
(Wickens, 1992)), the elements in thenvironment arenitially processed inparallel
throughpreattentivesensory stores wheiertain propertiesare detected,such asspatial
proximity, color, simple properties ofshapes, omovement, providing cue®r further
focalized attention. Those objects wharle most salient, based preattentively registered
characteristicsyill be further processed usinfpcalized attention to achieygerception.
The deployment of attention in the perceptocessacts to presentertainconstraints on
the operator's ability tcaccurately perceive multiplégems inparallel, and, as such, is a
major limit on SA.

In additionto externalfactors,attentionand perception can lmbrected by the contents
of both working menory and long-termmemory. Specifically,advanceknowledge of the
position of information, the form of the information, the spatial frequency, the color, or the
overall familiarity and appropriatenessiafiormationcan significantlyfacilitate perception.
Informationstored in longerm memoryalsoserves to shapie perception of objects in
terms ofknown categories omentalrepresentations. Ashbgnd Gott (Ashby &Gott,
1988) found that subjects based categorizaftpon integrated informatioabout anobject,
typically in adeterministic, nearly optimahanner, whichcan occur almosimmediately
(Hinsley, Hayes, & Simon, 1977).

The perception of the elemeimstheenvironmentthe first level of SA, thereforewill
be largelyguided bythe contents ofworking and longterm memorystores todirect
attention, recognition and categorizationheToperatowill direct his/herattention to look
for what is expected or needeblased on nmaory stores, and will interpet what is
perceived in light ofthem. Because thesupply of attention appears tobe limited,
improvements in SAn someelements may meatlecrements in SA onthersonce the
limit is reached. And this limit may occur rather quickly in complex environments.
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Onceperceivedjnformation isstored inworking memory. Inthe absence of other
mechanisms, most afhe operator’s active processing ofinformation must occur in
working memory. Newinformation mustbe combinedwith existing knowledge and a
composite picture of the situati@ieveloped. Projections of futurestatus and subsequent
decisions as to appropriate courses of action will occur in working memory as well. In this
circumstance, a heavipad will be imposed orworking memory as it idaxed with
simultaneously achving the higher levels of situatiorawareness,formulating and
selecting responsesnd carrying out sasequentactions. Wickens (Wickens, 1992) has
stated that prediction of future states (the culmination of good SA) imposes a strong load on
working memory by requiring the maintenance of presenbnditions,future conditions,
rules used t@enerate thdatter from the former, and actions @i are appropriate to the
future conditions. FrackéFracker, 1987hypothesizedhat working memoryconstitutes
the main bottleneck for situation awareness.

In actual practice, however, long term memstryictures can be uséal circumvent the
limitations of working memory. Thesestructuresmay take thdorm of schema omental
models. Rouse and Morris (Rouse & Morfi885) define mental adels as "mechanisms
whereby humansare able to generatdescriptions of system purposeand form,
explanations obystemfunctioning andobserved systerstates,and predictions of future
states". Fronthis definition,mentalmodelscan bedescribed asamnplex schema that are
used to model the behavior of systems, in this case the air traffic system.

The main key to using mental models restshenability ofthe individual to recognize
key features in the environment that will map to key features imtael. The model then
provides for determining associations betweemponents and predictions thie behavior
and status oklements ovetime. Thesestructurescan provide for much ofthe higher
levels of SA (comprheension andprojection)without loadingworking memory. Where
scripts, set sequences of actions, Hzeen developed fgiven situationconditions,much
of the load onworking menory for generatingalternatebehaviors andelecting among
them is also diminished. These mechanisms allotine operator to simplyexecute a
predetermined actiofor a given recognizedlass of situationgbased ortheir SA). And
the current situation needinbe exactly likeone encountered beforkie to theuse of
categorizatiormapping. Aslong as amapping can benade into relevantategories, a
situation can beecognizedcomprehended in terms tfie model, predictionsmade and
appropriate actionselected. Ofprime importance igha this processcan be almost
instantaneous due to the superior abilities of human pattern matching mechanisms.

Expertise, therefore, can be seen to play a major role in the SA process. For novices or
those dealing with novel situations, deafsioaking in this envinement willbe an arduous
task, requiring detailed mentatalculationsbased on rulesr heuristics,placing a heavy
burden on working memorywWhere experience has allowdw development of long-term
memorystructurespattern matchindgpetween theperceived elements in the environment
and existing schenraental modelsvill occur on thebasis of pement cues. When these
long term memory structures exist, theyan be utilized tgrovide the comprehension and
future projection requiretbr the higher levels of SAthus off-loading working memory
requirementsubstantially. Whenscriptshave beerdeveloped, tiedo theseschema, the
entire decision making process will be greatly simplified.

Another issue which is critical to understanding iSAhe role that th@perator'sgoals
play in the process. These goals can be thought ideakstates ofthe systemmodelthat
the operator wishes tachieve. In what Cassqfasson,1983) hastermed atop-down
decision makingprocessthe operator'sgoals andplanswill direct which aspects of the
environment arattended to in the development 8A. (Conversely, in dottom-up
process, patterns in the environmeraty berecognizedwhich will indicate tothe operator
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that different plans will be necessary taneetgoals or tat different goals should be
activated.)

Over time, the operator will match the observed situation to an internally held projection
of system states (formeda the mentamodel). This provides expectatis for not only
what will be observed, bualso for whatshould not be observedWhen thetwo models
(observed and internal projection for that time) matchs alell. When they do nanatch
because values of some parameter are different, an event occurs that should resematr an
does not occur that should, this signals the operator that something is amiss, and indicates a
needfor achange ingoals or plans due to a shift gituations, arevision of the system
model, or selectionf a newsystem model.The overalldecision makingprocesscan be
viewed, therefore, as a dual process whewatiye schema omental models are dictating
which information tofocalize attention on (eweptuallydriven), and simultaneously the
presence otertain olects or attributes in the environment walttivatenew schema in
memory (data driven). This process cant@acthange current operaigoals byaltering the
relative importance of goals (aach goal cahave antecedemtles governing situations in
which each needs to be invoked over the others).

Designing for Situation Awareness Enhancement

One of the key benefitsf looking at situatiorawareness is thattills ushow all that
data needs to be combined and understood. Instead of loading the operator down with 100
pieces of miscellaneoudata, provided in haphazardfashion, situation awareness
requirements provide guidance as to what the real comprehemgigorojection needsre.
Therefore it tells us, as system designers, how to bring those 100 pietza tifgether to
form meanigful integration andgroupings ofdata that can be easilgbsorbed and
assimilated in time critical situations. This type of systems integration usually requires very
unigue combinations of information apdrtrayals ofinformation that gofar beyond the
black box "technologyoriented" approaches diie past. In the [g& it was up to the
operator to do it all. This tas&ft him or rer overloadednd susceptibléo missingcritical
factors. As westep up tothe job of proving systems #t supportthe SA process,
however, we will do much towards aiding this critical challenge.

So how do wealesign oursystems taneetthis challenge? Thanswersare certainly
not as straightforward as vedl would like them tobe, butneither are they as elusive as
some might think. Over theast decade wieavebegunfocusingresearch on this problem
and have developesbme understanding dfie basicmechanisms thatre important for
situationawareness anthe designfeatures tiat will support those mechanism®ll of
these factors are far too detailedytointo herebut threemajor stepscan bediscussedhat
will have much to do with how successfuhny company is in making isy/stems support
situationawareness. Atructured approach is requiréal incorporateSA considerations
into thedesignprocess,ncluding adetermination of SArequirements, designing for SA
enhancement, and measurement of SA in design evaluation.

SA Requirements Analysis

The problem of determining what aspectsh@ situatiorare importanfor a paticular
operator's SA hasrequently been approachesing aform of cognitive task analysis
called a goal-directed task analysis, illustrated in Table 1. In such antdgsisajorgoals
of apaticularjob classare identifi ed,along with the major subgoalsnecessary fomeeting
each of these goals. Associated with each subgoal, the major decisions that needde be
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are thenidentified. The situationawarenessneededfor making thesedecisions and
carrying out each sub-goal are identified. TH&&aequirement$ocus nd only whatdata

the operatoneeds,but also orhow thatinformation isintegrated or combined &ddress
eachdecision. Inthis analysisprocess, SArequirementsare defined ashosedynamic
information needsassociated withthe major goals or sub-goals ofthe operator in
performing his or hejob (as opposed tmore statickknowledge suclas rules procedures

and general system knowledge). This type of analysis is based on goals or objectives, not
tasks (as draditional task analysismight). This is becausegoals formthe basis for
decision making in many complex environments.

Table 1 Format of Goal-Directed Task Analysis

Goal
Subgoal
Decision
Projection (SA Level 3)
Comprehension (SA Level 2)
Data (SA Level 1)

Conductingsuch ananalysis is usuallgarried outusing acombination of cognitive
engineeringorocedures.Expert elicitation,observation of operatgrerformance otasks,
verbal protocols, analysis of witen materials and documentation, andformal
guestionnairetiave formedhe basis forthe analyses.In generalthe analysis hadeen
conducted with anumber ofoperators, whaoare interviewed, observednd recorded
individually, with the resultantanalyses pooled and thesmlidated overall by a larger
number of operators.

An example of the output of this process is shown in Table 2. ekaimpleshows the
SA requirementsanalysisfor the subgoal*Maintain Aircraft Conformancefor the major
goal “Avoid Conflictions” for arair traffic conroller (Endsley &Rodgers, 1994). Ithis
example,the sub-goal iseven furthe divided into lower level sub-goalsprior to the
decisions and SAequirements beintisted. In somecases,addressing garticular sub-
goal occurs through reference to another sub-gazther parts of thanalysis, such as the
need tore-addressircraft separation in thisxample. Thisshowsthe degree tavhich a
particular operator’s goals anesultant SA needsiay be ery inter-related. The example
in Table 2 shows just one magubgoal oubf four that are relevarfor the major goal of
“Avoid Conflictions”, which is just one of three major goals for an air traffic controller.

This analysis systematically defines the SA requirements| @ree levels of SAjhat
are needed to effectively mattee decisionsaquired by theoperator'sgoals. Many of the
same SA requiremengppearthroughoutthe analysis. Inthis manner,the way in which
pieces ofdata araused togther and combinet form whatthe operatorreally wants to
know is determined.

Although the analysis will typically include many goals and sub-goals, they afidogy
active atonce. Inpractice, at any givetime more than one @b or subgoalmay be
operational, although they willot alwayshavethe sameprioritization. The analysis does
not indicateany prioritization among thgoals (whichcan vary ovettime), or thateach
subgoal within agoal will always beactive. Unlesarticulareventsare triggered, for
instance the subgoal of assuring aircraft conformance in this example, mayacové&dor
a given controller.
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Table 2 Example of Goal-Directed Task Analysis for
En-route Air Traffic Control (Endsley & Rodgers, 1994)

1.3 Maintain aircraft conformance
1.3.1 Assess air craft conformance to assigned parameters
» aircraft at/proceeding to assigned altitude?
aircraft proceeding to assigned altitude fast enough?
« time until aircraft reaches assigned altitude
» amount of altitude deviation
* climb/descent
» dtitude (current)
» altitude (assigned)
« altitude rate of change (ascending/descending)
» aircraft at/proceeding to assigned airspeed?
» aircraft proceeding to assigned airspeed fast enough?
» time until aircraft reaches assigned airspeed
» amount of airspeed deviation
* airspeed (indicated)
« airspeed (assigned)
e groundspeed
» aircraft on /proceeding to assigned route?
e aircraft proceeding to assigned route fast enough?
» aircraft turning?
» time until aircraft reaches assigned route/heading
e amount of route deviation
» aircraft position (current)
e aircraft heading (current)
* route/heading (assigned)
e aircraft turn rate (current)
» aircraft heading (current)
« aircraft heading (past)
e aircraft turn capabilities
e aircraft type

o altitude
» aircraft groundspeed
e weather

* winds (direction, magnitude)

The analysis strives tdbe as technology free gmssible. Howthe information is
acquired is noaddressed, athis can vay considerablyfrom person toperson,from
system to system, and frotime totime. In some cases fihay bethrough system
displays,verbalcommunications, othesperators, omternally generatefom within the
operator. Many othe higherlevel SArequirementdall into this category. The way in
which information is acquired can vary widely between individuals, tiverand between
system designs.

The analysis seeks to determine what operators would ideally like to knoeetoeach
goal. It isrecognized that thegften mustoperate orthe basis of ncomplete information
and that some desed informationmay not be available at allith today’'s sysem.
However for purposes of design and evaluatibsystems, waeed to sethe yardstick to
measure againsthat theyideally needo know, so hat artificial ceilingeffectsbased on
today’stechnologyare not induced in thprocess.Finally, it should benoted thatstatic
knowledge, such as proceduresrales forperforming tasksis outsidethe bounds of an
SA requirementsanalysis. Theanalysis focuses only on the dynamic situational
information that affects what the operators do.
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To date,these analysdsave beercompletedfor many domains ofcommon concern
including en route air trafficontrol (Endsley &Rodgers, 1994)TRACON air traffic
control (Endsley &Jones, 1995)ighter pilots(Endsley, 1993)bomber pilot§Endsley,
1989), commercial transport pilofgndsley, FarleyJones Midkiff, & Hansman, 1998),
aircraft mechanic§Endsley & Rdertson, 1996),and airway fadities maintenance
(Endsley, 1994). A similar process was employedHbgg, Torralba andvolden (1993)
to determine appropriate queries for a nuclear reactor domain.

SA-Oriented Design.

Second, the development of a system design for successfully prothdimgultitude of
SA requirements that exist in compleystems is aignificantchallenge. A set of design
principles have been developbdsed on aheoretical model ofthe mechanisms and
processesnvolved in acquiring andmaintaining SA in dynamic complesystems
(Endsley, 1995c). Thegguidelinesare focused oa model of humartognition involving
dynamic switching between goal-driven atada-driven processingnd featuresupport for
limited operator resources, including:

1. Direct presentation of highdevel SAneeds (compreheios and projection) is
recommendedrather thansupplying only lowlevel data thatoperators must
integrate and interpret manually.

2. Goal-oriented informatiomisplaysshould be providedorganized so that the
information neededor a particular goal isco-locatedand directly answers the
major decisions associated with the goal.

3. Support forglobal SA is criticalproviding an overview ofhe situationacross
the operator’s goals aill times (with detailedinformation for goals ofcurrent
interest) and enabling efficient and timely goal switching and projection.

4. Critical cues related to key featuressohemata need toe determineénd made
salient in the interface dgs. In particularthose cueshiat will indicate the
presence of prototypical situations will b& prime importancend will facilitate
goal switching in critical conditions.

5. Extraneousinformation notrelated to SAneeds should beemoved (while
carefully ensuring that such information is not needed for broader SA needs).

6. Support for parallel processing, such asulti-modal displays should be
provided in data rich environments.

An SA-orienteddesign is applicable to a widariety of systemdesigns. It haveen
successfully appd as adesign philosophy for systems involvimgmote maintenance
operations, medical systems and flexible manufacturing cells.

SA Design Evaluation

Many concepts and technologia® currently beingleveloped and touted as enhancing
SA. Prototyping andsimulation ofnew technologiesjew displaysand newautomation
concepts is extremely importeot evaluatingthe actualeffects ofproposedconcepts with
in the context of the task domain and using domain knowledgeable subjects. If SA is to be
a design objective, then it isritical that it bespecifically evaluatedluring the design
process. Without this it will be impossible till if a proposedconceptactually helps SA,
does not effect it, or inadvertently compromises it in some way.

The Situation Awareness Global Assessment Tagbe (SAGAT) has been
successfully used tgrovide thisinformation by directly and objectively measuring
operator SA inevaluatingavionics concepts display designs,and interfacetechnologies
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(Endsley, 1995a). A primatyenefit of examiningystem design frorthe perspective of
operator situatiomwareness is th#te impact ofdesign decisions osituation awareness
can be objectivelassessed asmeasure of qualitgf the integratedystem design when
used within the actual challenges of the operational environment.

An example of the use of SAGAT for evaluating the impaated system aacepts can
be found in (Endsley, Mogford, Allendoerfer, SnyderS&in, 1997). Aotally newform
of distributing rolesand responsibilities between pilots and taaffic controllers was
examined. Termed “free flight”, th®ncept was originallgescribed tancorporatemajor
changes in the @pation ofthe ndional airspace. Imay include aircraft filing direatoutes
to destinations rather than along pre-defined fiagdiays, and the athority for the pilot
to deviate from that route, either withe airtraffic controllerspermission or perhapsven
fully autonomously (RTCA, 1995). As it wdslt thatsuch changesould have a marked
effect on the ability of the controller to keep up as monit@uich a new system, a study
was conducted to examine this possibility (Endsley, Mogford, & Stein, 1997).

Results showeda trend towards poorer cdroller performancein detecting and
intervening inaircraft separatiorerrorswith these changeis the operational concept and
poorer subjectiveratings of performance. Finding statistically significant changes in
separationerrors duringATC simulation testing is quite rareowever. More detailed
analysis ofthe SAGATresults providednore diagnosticletail as well asdxrking up this
finding. As shownin Figure 2, controllers were aware of sigizéntly fewer of the
aircraft in the simulatiorunderfree flight conditions.Attending to fewer aircraft under
higher workload has also been found in other studies (Endsley & Rodgers, 1998).

In addition to reduced Level 1 SA, however, controllers bl a significantly reduced
understanding (Level 2 SA) of what waappening in the traffisituation, asvidenced by
lower SA regarding whiclaircraft weatherwould impact onand a reducea@awareness of
those aircraft that were in a transitionatgte. They werelessaware of whichaircraft had
not yetcompleted alearance, antbr thoseaircraft whether itvas received correctly and
whether they were conforming. Controllers also demonstrated lower Level 3 Skesith
flight. Their knowledge of wherthe aircraftwas going tanext sector)vas significantly
lower under free flight conditions.

Thesefindings were useful irpinpointing whether comens over thismew andvery
different conceptvere justified, or whether thayerely represented resistance ¢bhange.
The SAGAT results showed not only thhé new concept did indeethduceproblems for
controller SA that would prevetihemfrom performingeffectively asmonitors to back-up
pilots with separation assistance; it also showed in wyats these problems were
manifested. This information is vergeful diagnosticallyn that it allows one taletermine
what sorts of aids might be neededor operators toassist them imvercoming these
deficiencies.

For instance, irthis examplea display that providegnhanced information on flight
paths for aircraft in transitionary states niiyrecommended asway ofcompensating for
the lower SA observedrar from just providinga thumbs-up or thumbs-dowinput on a
conceptunder evaluation, thisch source ofdata is ery usefulin developingiterative
design modifications and making tradeoffs decisions.
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Figure 2. Example of SAGAT Results
(Endsley, Mogford and Stein, 1997)

Conclusions

We spoke earlier abotiiow the need t@rocessand understanthrge volumes ofdata
was critical to many endeavors, from the cockpit to military missions, from power plants to
automobiles, and frorapace stations to day-to-daysiness operations. The lessons we
are learning in advancezystemsabout theimportance ofgood situationawareness, the
challenges that we face achieving itand thedesignprinciples thatare needed teupport
it, all provide valuable directions for these areas as well. We willeadize thebenefits of
the informationage until we come tgrips withthe challenges of managinfis dynamic
information base t@rovide people withthe situatiorawareness thegeed on aeal-time
basis. Doing so is the primary challenge of the next decade of technology.
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