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Abstract

The Global Positioning System (GPS) uses a netvedrbrbiting and geostationary satellites to caltulthe
position of a receiver over time. This technold@s revolutionised a wide range of safety-critiodlustries and
leisure applications ranging from commercial fiségrthrough to mountain running. These systenosige
diverse benefits; supplementing the users existiagigation skills and reducing the uncertainty thditen
characterises many route planning tasks. GPScapipins can also help to reduce workload by autimmaasks
that would otherwise require finite cognitive aretgeptual resources. However, the operation aftlsgstems has
been identified as a contributory factor in a ranfjeecent accidents. Users often come to rel8$ applications
and, therefore, fail to notice when they developltéaor when errors occur in the other systems tisat the data
from these systems. Further accidents can stem the ‘over confidence’ that arises when usersirass
automated warnings will be issued when they stragnfan intended route. Unless greater atteniquaid to the
human factors of GPS applications then there iargyer that we will see an increasing number ofe¢Habures as
positioning technologies are integrated into insieg.numbers of applications.

Introduction

Manual navigation techniques have changed velg liver the centuries. For example, commercial larslire
activities continue to rely on dead reckoning whamenitial position is established. The positisrthen estimated
over time using an individual or vessel’s speed dinelction. The accuracy of dead reckoning calémat depend
on the accuracy of the speed input and the effefcenvironmental factors including wind and curremfter the
Second World War, the development of radar and ifférdntial radio signals helped to establish audted
approaches to position location. These can begtitcof as precursors to the satellite based GB®rg that have
now become commonplace. GPS units are sold &aslatd’ with many cars. They are widely used sxithe
maritime industries.  They can be carried in ypoacket and attached to PDAs; providing continugpdates of
location information during both work and leisuiaties. This growth in the application of GR&hnologies has
fuelled and been fuelled by the use of these systiensafety-critical applications. For exampleeyt have been
integrated into the cockpits of both commercial geteral aviation. However, the adoption of GRSesns in
safety-related applications has led to a numbe&oaterns. The FAA recognises that GPS alone taatisfy the
high-levels of accuracy and redundancy that woukd réquired across the National Airspace Systemn |
consequence, a number of local and wide area augtimn schemes have been proposed. In Europeg mor
strategic concerns have been raised and plansiaertid be revised for the creation of an alteragstem.

It is important not to underestimate the complexitynuman interaction with GPS applications. Fxaraple, the
US National Oceanic & Atmospheric Administration NA) released a warning in 2002 about some of the
systemic effects of GPS on navigation behavioarpdrticular, they observed that some mariners wene willing

to follow higher risk routes closer to known hazalibcause they felt confident in the use of GPBnigogy to
accurately identify the position of those hazar&AA went on to point out that the increasing aecy of GPS
fixes exposes underlying problems in the accurdoharts and maps. Many of these guides were dpedl using
less accurate fixes than those provided using @Bnblogy. It was argued that “prudent marindisugd pass
charted hazards such as shoals or isolated damgdgrsutmost caution and at a safe distance, noenathat
navigational method is usedNOAA, 2002).

Most of the concerns over the integration of GPSsdfiety related systems have focussed on techaivdl
infrastructure issues. These include potentialugison to services from unintentional interferencetudies have



been conducted to exclude or minimise the impacteny high frequency (VHF) radio, over the-horiz@DTH)
military radar, and broadcast television. Theral$® growing concern over the vulnerability of igation tools to
external attack. One recent study described h®80® jammer could cause the sudden loss of GRflsigohn
Hopkins). In the most critical scenario, this htigause an aircrew to abort a Category Ill precisapproach.
However, many existing systems would use interpmtatind dead reckoning so that performance degoedat
would be extremely limited immediately after a sigwas lost. Arguably greater concern centers oigdo term
disruption to GPS signals in future scenarios incWlihese applications become more tightly intesgfawith Air
Traffic Management services.

Such concerns are shaping the future applicatioBR® technology. In contrast, these systems hasady been
implicated in a number of accidents where the ugther technology worked as intended. In many loése
mishaps, the primary cause was identified as huteaar’. Partly in consequence, investigatory ages have
issued general advice on the use of GPS technol&gy.instance, the New Zealand Maritime agencydrgsed
that: “GPS derived positions are a useful tool @edmining a vessels position but should be usezbimjunction
with all other means of position fixing at the rgatiors disposal. The temptation to push a butt@btain such data
and not utilize more labour intensive, traditionathods of position fixing is, to put it bluntlyath seamanship that
puts vessels and their crew at risk. Maritime Nea@land is concerned at what appears to be a graesimgncy for
mariners to place excessive reliance on GPS getkdata in place of traditional methods of navigatnd issues
a strong warning against such practise” (Maritimewv\Zealand, 2006).

Much of this important advice is focussed on theomemendations that emerge from particular incidenthere

have been few attempts to gather together theregbat can derived from a number of different mpghacross a
range of different industries.  The following pagtherefore, provide a brief overview of recasttidents in the
aviation and maritime industries in which it is aed that interaction with GPS technology eitheggered or

exacerbated various forms of operator failure.

The Operational Benefits of Interactive GPS

The benefits of GPS and associated technology eaiilustrated by the extent to which they have neeo
integrated into a number of safety-critical indiestr For example, a recent accident report destrihe standard
navigational aids on board a fishing vessel equdpe a crew of three, these included: a radar&ro sounder, a
watch keepers alarm and an autopilot. The fiskigggel also carried two different GPS plotters a@&PS receiver
(Maritime New Zealand, 2004). The significancalo$ equipment can also be illustrated by the eqnences that
can arise when it is used incorrectly. The subsetinvestigation found that the vessel had ruowtl because
the skipper had not set waypoints on the GPS ecnptout had instead been using the cursor on otlgeoEPS

plotters to keep an informal note of course andtioos

Before reviewing hazards that can arise duringaat#&on with GPS technology in more detail, itirstfimportant to
summarise the wide range of benefits that thesécagipns provide to their users. The problenst tomplicate
interaction with these systems often stem fromaojerational features that provide the greatestyutinder normal
operations. As noted in the previous citatioe, dlocuracy and availability of GPS data can leaghtover reliance
that leaves users unprepared to cope when thesmsysail. The following list summarises furtheenefits of
positioning technology. Subsequent sections hisdist, together with an analysis of previousidents to identify
many of the problems that arise during the usbéedé systems.

1. Reduced workloaddn important benefit of GPS applications is thattitan reduce workload across teams
of operators in safety-critical systems. The jg@aature of this support varies from domain tadm.
For example, in many commercial maritime systenesdita from GPS applications is seen as an adjunct
to rather than a replacement for conventional miaaé radar based navigation techniques. Howeser,
we shall see, in other parts of the world crewseheasme to rely on GPS technology within routine
operations so that alternate techniques for lopatientification are only used to supplement GR&lireys.
In other words, the bulk of routine navigation s$las passed from manual and radar based techn@ues
the automated satellite based systems.

2. Reduce uncertaintyln many applications, navigation is a complex taswhich operators have to account
for subtle changes in meteorological and otherrenmental conditions. Under poor visibility, &rc be



difficult to account for the influence of varyingiés or wind speeds using dead reckoning. Inraitess,
for example in desert or jungle terrains and otkerote areas there may be insufficient landmarksaer
beacons to easily employ alternate forms of naidgatin such circumstances, GPS tools providéeteal
means of reducing uncertainty in complex navigatasks.

3. Multi-criteria optimisation. GPS tools cannot be viewed in isolation. Thsitpn information that they
provide is, typically, integrated into a wide rangklocation finding and route planning systemshisT
integration enables complex optimisation taskse@érformed where for example speed can be traated f
fuel usage or routes can be tailored to avoid cstime These optimisation tasks would otherwiseupy
considerable perceptual and cognitive resourcebey had to be performed manually. This creates
significant vulnerabilities when operators mustriteto cope with degraded modes of operation (Jahnso
and Shea, 2007).

4. Dynamic problem solving. An important aspect of multi-criteria optimiigeat is the manner in which GPS
applications can quickly compute alternate routeshmnges in performance characteristics in order t
achieve particular objectives in the face of chandmth in an application process or operating
environment.  For example, positioning equipmean @utomatically monitor the mean speed of its
operator over given terrain and then adjust routirigrmation to exclude similar areas should thaly f
behind the predicted schedule. As with many & bienefits identified in previous items, it is ofte
infeasible for operators to manually conduct thaticmal forms of self-monitoring that routinely orin
route revision algorithms in existing applications.

5. Monitoring of primary systemsGPS systems provide an important means of confgrmformation that
can also be derived from primary sensors. Fomgkg, it is possible to use successive locatioasfito
compute speed in a range of aviation, ground andtimea applications. Similarly, the influence tides
and currents can be inferred by comparison of pedoce data with location information over time.
Significant deviations between the GPS derive @ate the output of other primary systems can also be
used to trigger alarms for the crew that warn tleémotential failures in either application.

6. Multiple input mappings GPS tools can also be used to navigate using & mfngdjfferent input data. This
might seem like a trivial issue. However, there atrong benefits to be achieved if crew can choose
whether or not to specify a route in terms of ifdiinal waypoints, physical landmarks, map coordinate
even ZIP codes. The difficulty of translating frahese navigational reference systems into a singlet
scheme increases burdens on operators especifiigyifare under time pressure. GPS applicatiotes of
provide considerable flexibility so that informatican be entered in a form that is convenient andlifar
to the end user.

7. Multiple output mappings.GPS systems also offer considerable flexibilitytheir users in terms of the
presentation format of navigational informatiofhey offer a host of two and three dimensional biegd
displays where map or plan views can be extendstidw fly-by simulations of potential routes fromto
a known location. In other domains, GPS data &lue generate audio alarms so that crew members ar
only alerted when they have moved close to a kndanger or away from a recommended course. Audio
warnings can also be used to provide alerts wheretlare potential disagreements between primary
sensors and GPS technology, indicating possibkesy&ilures.

8. Log maintenance.The Global Positioning System and future locatiechnologies provide increasingly
important resources for accident investigators.esehtools can automatically log location changesr ov
time to a level of granularity that is infeasiblsing manual documentation techniques. In consemje
GPS data is often the primary resource for ideimifythe location of a vessel or aircraft immedigatel
before a mishap occurred. From the perspectiwystem operators, the availability of GPS log fions
may be used to justify some reduction in the fregyef manual recording.

This is a partial list. The range of benefits ded from the Global Positioning System will increds proportion to
the variety of potential applications. Howevédrede strengths also create potential vulneralilitielncreasing
reliance on navigational tools can erode traditigkills and leave operators particularly exposdtemw they are
deprived of these components in their underlyirigastructure.



Incidents and Accidents Involving Interaction W®S Tools in the Aviation and Maritime Industries

Marine Accident 1 - The Royal Majes#rguably one of the most notorious recent incidént®Iving interaction
with GPS applications occurred in 1995 with theumding of the cruise ship Royal Majesty (NTSB, 1997
Heidiecker et al, 2003). The GPS receiver on thgaRbajesty provided position data that was acautatwithin
100 meters. The crew also had access to a LonawiG-based navigation system. This relies on tiifferences
between land based radio signals to provide postfiata along the coasts of the United States. h BRS and
Loran-C data were fed to an integrated NACOS 25oplat that could be programmed with the vessels
performance characteristics using waypoints spetifn terms of latitude and longitude. The NACOSt
provided a number of operating modes. For exantpeeNAV function could be used to steer the veasahg a
pre-programmed track using the GPS and other Sepats to compensate for gyro error, wind, currantl sea
conditions. Alternatively, the unit could operém HYBRID navigation mode using position datanfrboran-C or
two other positional systems not based on GPS. e hit was also programmed to default to a DEAD
RECKONING mode when satellite data were unavaila¥ileen the GPS unit switched to dead reckoning nibbde
was designed to issues a series of warning soastiad around a second. The unit would also aistiie letters
‘DR’ indicating the transition into this mode. @me night of the accident, all the officers of thatch testified that
they did not see ‘DRdisplayed on the GPS unit. They did, however, conthat they understood the meaning of
these symbols and had seen them on previous onsasio

Following the accident it was determined that tleesel lost all contact with satellite based positiata around
thirty minutes after it left port. The failure waaced back to the antenna assembly; howeveg thas insufficient
evidence to accurately identify the cause of thebl@m. Several hypotheses were generated. H& &tenna
had originally been installed on the radar mastvegal months before the accident, it had been thbwémprove

signal reception. Subsequent examinations indichigidthe GPS antenna was incorrectly routed sontleanbers of
the crew could inadvertently kick it or trip ovdr i This, in turn, created stresses that mightirdmute to the

separation of the antenna cable connection. Ttemaa had also been painted on two occasions. cdisequence
of the antenna failure was that the vessel contiriaerecord alternate courses of 197° and 000° fshortly after

leaving harbour until the vessel’'s arrived in Bos&ven though it had maintained a course clos@&3 Before the
accident. The logs also recorded a speed of 12#&knThis was not consistent with the speeds decbmanually
in the bridge log. In other words, the interruptiminthe satellite signal placed the GPS into desmkaning mode.
The autopilot did not detect this change in statud no longer began to correct for the effects iofdwcurrent, or
sea conditions. As might be expected the actuatipodegan to drift with respect to the locatiowlicated through
dead reckoning. The effects of an east-northeggsiind and sea resulted in a 17-mile error.

The previous paragraphs have briefly outlined &ohnical causes of the GPS failure. In contthstfocus of this
paper is on the human factors issues that arosegdunteraction with the navigation equipment. Adting to the
master, he arrived on the bridge around 22:00terAélking with the second officer for several oties, he checked
the vessel's position using the plots on the chad at a map overlay on the ARPA radar displayhis Bystem
enabled the officers to move the radar displaynovk locations that could be identified from the igation system.
The corresponding plots could then be compare@douracy with the direct radar feeds to the bridgene master
asked the second officer whether he had seen thbudB and the second officer stated that he hatisfied that
the positions plotted on the chart and that the wlaplayed on the radar continued to show the Vessbe
following its intended track, the master left thr@ge around 22:10.

There were several further opportunities for thewcto identify the potential problem before thewgrding took
place. Others officers on the bridge received nspbat the lookouts had sighting several highligiits as well as
a flashing red light on the port bow. These wemonsistent with the current positional informatimmd should
have caused the officers to look again at the ragistems. They might have noticed that the radgrsndid not
coincide with the ARPA display. They might alsavh increased the range of radar systems anddbatify their
proximity to Nantucket Island. Had the officers gad the flashing red light, they might have deteed that the
nearest source was the Rose and Crown Shoal bliog. could have warned them that they were no Ioigéhe

traffic lanes. The subsequent investigation cateil) however, that the officers of the watch haly anlimited



understanding of the functioning of their GPS syste This was compounded by the way in which proces
failed to ensure the use of diverse positionalrimi@tion. For example, the master required that@f§ continue to
make manual plots of their location. However, tidleagues used GPS as the most convenient sooirdbi$
information. In consequences, the fixes that watatted on the chart corresponded with the map @ositions
displayed on the central console. The manuatiptptvas, therefore, derived from the GPS data.

The grounding of the Royal Majesty provides an ingoat case study for the analysis in the paper usecat
illustrates many of the problems that complicateeramction with GPS applications.  Firstly, like myasimilar
systems the vessel was provided with multiple reldab sources of location information. However,sthi
redundancy was little more than ‘skin deep’. lagtice, the convenience of GPS systems meantitbatréw relied
on this source of data to guide all of their moriitg and validation procedures for navigationabmfiation. This
created further vulnerabilities because differemmhbers of the crew each assumed that their co-wonkere
accessing diverse information sources and sousdified in them continuing only to rely on GPSup Secondly,
the Royal Majesty illustrates the dangers thaeasiken GPS applications are integrated into mongpbex systems
that are, typically, not well understood by the mleowho must operate them. In this case, the masté the
officers could recognise the dead reckoning modehmy were poorly prepared for the causes andezpreices of
failures that could lead to this style of operation

Marine Accident 2 — Sanga Na LangBhe consequences and notoriety of the Royal Majastydent justify its
inclusion in this analysis. However, it is impartaot to overlook the growing number of less vikelbwn incidents
involving interaction with GPS technology that haheen reported across a range of industries. instance, the
New Zealand maritime agency report on the groundingpe Sanga Na Langa, a 13.5 meter commercigepaer
and fishing vessel operating off Waiheke Islandhi@ Hauraki Gulf, in 2006 (Maritime New Zealand 08D. As

with many similar incidents, the skipper was faarilwith the area of coast in which the incidentwoed. In

particular, he knew the location of a range of ledf® rocks that posed a danger to mariners. Tioeks were well
indicated on the display unit of his GPS appliaagiand were indicated at some off the starboael lidhe vessel.
The skipper's sense of wellbeing was increased ibychnfidence in the GPS, which had been insta#lad

calibrated by a friend some six years before.hall also always given him accurate readings beétteough the
unit had previously been repaired by the manufactwiragent to correct a display fault. He was alsmmg an
electronic chart that is widely used in the are@mte was operating.

The skipper reported that he was just about ta tef@ paper chart when a lookout identified brolexer ahead.
Approximately ten seconds later, the vessel’s holl propeller ground over the top of a rock. ThHgebpumps
were able to cope with the subsequent ingress tédrvead the vessel was successfully beached. ffic&breport

into the incident concluded that the skipper hawkén ‘one of the cardinal rules of navigation nanwler reliance
on GPS data’ (Maritime New Zealand, 2006). Samhy, the electronic chart came with the warningt tih should
only be used as a backup to official governmenepaparts and traditional methods of navigatiorhe @ay after
the accident, the skipper observed that the GP&glthe vessel on top of a small island even thdbgi were
some distance away from it on their homeward joyrn€his significantly undermined the skipper’s idance in

GPS technology. This sudden erosion of trust mhesy take many years to establish also illustratescentral role
of human factors issues in the operation of nevegaions of navigation equipment.

The grounding of the Sanga Na Langa is also insteidecause it illustrates some of the problenas #nise for
investigatory agencies when they attempt to diagtios causes of problems with GPS applicationkes@& systems
can provide incorrect data for a variety of reasonSPS assisted groundings are often caused logurecies in
electronic charts. In this case, the manufacturepsesentatives noted that the position of thks@s displayed on
the screen correlated with their position in thevegaoment maps. The investigators concluded thais ‘inot
uncommon for display screens that have been mamit@ vessel’s position whilst stationary, for exdenwhilst
berthed overnight, to show positions a considerdidtance from the vessel's position’ (Maritime N&ealand,
2006).

This incident again illustrates a number of key&ssthat complicate interaction with GPS systersaifiety-related
domains. The skipper of the Sanga Na Langa wadi&a with the area in which they were operatinghis seems
to be a common feature of many similar accidefisither work is required to provide more sustaieeidence that
familiarity with a location increases the likeliof being involved in a GPS related incident. islpossible to
identify a number of potential explanations forsthiypothesised correlation. For instance, if gerator



understands local hazards then they may be mofimgvib dismiss them as soon as they can be seem GRS
application without necessarily checking to engbet the GPS has accurately located those hazards.

The grounding of the Sanga Na Langa raises fuitilseles. For example, the skipper placed a highegeof trust
in the reliability and calibration of their GPS d&pption. In part, this was justified by his exjgmce of the
operational performance of the unit. Howevermiy also have been influenced by the growth of wores
applications for this technology. GPS is increghirbeing integrated into mass market ‘of the shgtbducts.
Familiarity may create an unjustified degree offence in the reliability of what is a complexsttibuted system
of systems.

Aviation 1- Cessna Floatplan@he introduction to this paper has stressed thd teexchange insights and lessons
learned from GPS induced mishaps across sevefateaiit safety-critical industries. It is for thisason that the
following examples focus on interaction with newvigation technologies within both commercial andhe=l
aviation. Again, it is important to stress tha use of GPS related systems has figured as dedgoty cause in
both major accidents and in less well publicisezidents. For example, the US NTSB describes henptiot of a
Cessna 208 seaplane forgot to retract the geaal@off from a runway. This version of the airtrads wheel
installed on the floats. On approaching his desibn the pilot realised that the navigation systeas using the
position of a nearby resort island called Filithegther than the GPS position of the landing diteut 2.5 miles (4
km) to the north. The captain, therefore, begaengtting to correct the GPS co-ordinates for thditapsite.

As he touched the water, the aircraft seemed tingfpack’ and the captain recognized that he b#dhe landing
gear down. The aircraft flipped onto its back pirgton its nose and left wing. The subsequengstigation
identified pilot error as the probable cause of #eeident. Contributory factors included a failuce use the
approved checklist when ensuring that the landiegrgvas properly raised, a failure to monitor appede
instruments and a failure to pay due attentionu@lawarnings. The manufacturer responses tarttident by
changing the aural ‘gear down’ warning to occuraahigher speed, ‘thereby allowing the pilot timereact
accordingly without distraction during the finalpgpach segment of the flight' (NTSB, 2000). Thiotpwas
recommended to undergo additional type training.

One of the most salient features of this inciderthat the recommendations focussed on the retraifi the pilot

and on minor technical changes in the on-board wagrsystems for the landing gear. The findingsthe

investigation did not focus on the problems that plilot experienced in interacting with the navigatsystems.
Previous research has identified a broad rangesoies that complicate the reprogramming of GPSagtioins in

safety related domains (Johnson, 2004). Theseerémgn the confusion that often arises over thdéedéhce

between insertion and appending of a waypoint é&nlist of fixes through to the difficulty of disguishing between
the different modes of operation that are providgdhese navigation systems. In this case, divelp minor

correction to the location of the destination contd be completed by the pilot without consideraimacentration.
However, the subsequent investigation did not eitpliraise this as an area for further concern.

In other areas of human computer interaction anehamu factors, there has been a move away from btamin
operators who experience similar problems duringraction with complex systems. It has been argihed
retraining the users will only alleviate the symp® of an underlying problem but will not addrese ttauses
(Johnson book). In contrast, greater emphasidbbar placed on the need to redesign interactistesys rather
than rely on retraining to address previous weaegs the operation of complex systems.

A final area of concern focuses on the dual natdir&PS navigation systems. One of the primaryaesagor the
introduction of these applications into safetyicéalt systems has been that they can effectivelyagedvorkload for
crew members who might otherwise be preoccupieth wétatively routine navigation tasks. The fldatge
incident illustrates that these applications cao ahcrease workload during key stages of flightn particular,
complex user interfaces create particular problEmghe individuals and crews that must reprogrameconfigure
them in response to particular operational problenis this incident, even a relatively minor catien occupied
the pilot’s finite perceptual and cognitive resag¢o such an extent that safety was undermined.

Aviation 2 — Bamiyan Controlled Flight into Terra{@FIT): The second aviation accident forms a contrastéo th
relatively minor incident described in the previgasagraphs. Just as the grounding of the fishésgel Sanga Na
Langa contrasts with the more serious damage tocthise liner Royal Majesty. This incident occuakrri;



November 2004when a Construcciones Aeronauticase@mt Anonima C-212-CC (CASA 212) twin-engine,
turboprop airplane collided with mountainous terralose to the Bamiyan Valley, near Bamiyan, Afghtam.
Several factors increased the significance of #ltiident. The aircraft was operating under a UBaitenent of
Defence (DoD) contract. The captain, first officand mechanic-certificated passenger, who were tivlians
employed by the operator, and the three militargspagers, who were active-duty U.S. Army soldiezseived
fatal injuries. The airplane was destroyed (NTSEB)&.

The subsequent enquiry interviewed the prograrmsieager who stated that he was not aware if nglatening was
explicitly performed for the mission. The acceptédual flight rules (VFR) flight plan contained diesition
information but did not indicate a specific roultrgstead he argued that the pilots tended to foll@lW known routes
between specific locations using a combination BEGixes and direct visual observations to ensteg@ate clearance
above mountainous terrain. However, analysis efcthickpit voice recorder revealed that the crewrteagr flown the
selected route before. The mechanic was also headserve that the valley they had chosen tovolivas not the
most direct route. The captain later replied sayfrat they would ‘just have to see where this $¢adThe captain,
first officer and the mechanic then discussed altgpcal map, the outside visual references andctwdinates
derived from their GPS applications. The capta#iswhen heard to remark ‘well normally we’d havedito on a
short day like this we’d have time to play a lithé do some explorin’ but with those winds comup | want to
[expletive] get there as fast as we can...with gisigd visibility ... it's as easy as pie. you runasomethin’ big you
just parallel it until you find a way thru [sic]. .this is the first good visibility day I've had the Casa. It's not just
good it's outstanding’ (NTSB, 2006). Sometimestahe mechanic stated ‘I don’t know what we're maisee, we
don’t normally go this route’. The captain repliedall we want is to avoid seeing rock at twet¥elock and the
first officer stated ‘Yeah you're an x-wing fightstar wars man’. The captain then replied ‘YoJ&gpletive]
right. This is fun’. These informal exchanges aamtd when a passenger asked the flight crew abheutoute of
the flight and the captain discussed some of fireivious mountain flying experiences with the fuofficer. Shortly
afterwards, the first officer stated that the ridge off to their left had a minimum elevation opmoximately
14,000 feet meters above sea level. The captaiedsthat he was trying to find a ‘notch to fly thgh’, shortly
afterwards the mechanic asked ‘okay you guys amm@umake this right?’ and the captain replied, hydal’'m
hopin’. Ten seconds later, voice recorder seensgapture a stall warning tone single beep. Tipata stated they
could execute a 180° turnaround and instructedir$teofficer to lower the flaps. A further stallarning occurred
and the mechanic stated, ‘call off his airspeedhiaor’. The first officer responded ‘you got nindiye’ shortly
before the recording ended.

The subsequent investigation argued that the egesacaptured on the cockpit voice recorder providgzbrtant
insights into the attitude and behaviour of theacie the immediate run up to the crash. It waggssted that the
captain and first officer acted ‘unprofessionalty'deliberately flying a nonstandard route low thgb the valley for
fun even though the visibility was ‘outstandingT.he captain’s comment that he ‘wouldn’t have ddmie if we
were at gross’ was interpreted to mean that theatamade a conscious decision to fly the airplaree way that he
would not have done if the airplane had been atimamx gross weight.

This incident illustrates further aspects of thenptex interactions that take place in the everdasiteg to accidents
that involve GPS applications. In this case,ube of navigation equipment was not a direct cafitbe mishap.
Instead it can be argued that it played a moreugistantial role in increasing the confidence of ¢hew that they
could navigate their way out of the box canyon gdittle more planning that visual observations gretiodic

updates to their known location using satellitdhtestogy. In other words, the provision of GPSvgays formed a
key component in the infrastructure that suppottedsense of complacency that was criticised irlNR8B report.

This complacency, in turn, was constructed on tigh ldegree of trust that many operators place onemo
navigation systems. As we have seen in previogglaats, this element of trust often goes far beyamat is

advised by manufacturers and designers. It msy lalad the operators of safety critical systens gituations
from which navigation fixes may be insufficienténsure the success of complex operations.

Overview of Human Factors Dangers of GPS

Previous sections have used two maritime and tiatiam accidents to provide a limited overview ofvier range
of recent mishaps that have arisen from operat®rantion with GPS technology. These incidenteehlbeen
deliberately selected to include both high profddures, such as the grounding of the Royal Mgjeas well as
lesser known but equally significant accidents ol users have been forced to cope without thearp support



that they normally rely upon from satellite navigatsystems, such as the CFIT involving the Cedlwaplane.
Based on these incidents it is possible to devalopnitial list of interaction problems that havecarred in the
events leading to adverse events involving GP Sewlsystems:

1.

Increased Workload. The opening sections made the point that marthebenefits of GPS technology
also create potential weaknesses under degradedsnubaperation. For example, an important stiengt
of many systems is that they remove the burderecided with routine navigation tasks. Howeveanm
they also create additional workload in setting Hystems up.  Additional time must be devoted to
planning a potential route and then programmingr@mate waypoints into the system. Similarly, the
complexity of interaction with these programmahystems can create significant dangers when operator
are forced to fix even relatively trivial problerdaring more critical phases of operation. Theitéamithl
burdens associated with specifying a revised datsim for the floatplane is assumed to have precetiie
pilot from realising that they were landing on watéth the wheels extended.

Interruption of Primary Tasks. The failure of navigational systems can creatsudden increase in
workload for particular crew members during critiqgghases of a safety related task. In other
circumstances, problems may stem less from additimorkload than from the way in which GPS tools
can interrupt other non-navigational primary taskKehese interruptions occur during both normal and
degraded modes of operation. It can be arguedhbee is a danger the pilot of the float plangmihave
forgotten to raise the landing gear even if he bhadn able to resolve the apparent problem with the
destination fix. Human factors research indicdtes even temporary distractions can be suffictent
cause slips and lapses in otherwise accurate Resson, 1990). Several recent accident reposs ha
described how crew deliberately chose to turn lodf distractions created by the alarms generate@dRfy
applications (New Zealand Civil Aviation Authorit2003).

Hazards of Fail-silent Modes. The floatplane accident was not caused becthes&PS failed. In
contrast, the system was programmed with the iecbrdestination. The pilot observed the potential
problem and intervened to resolve it. In contrist, Royal Majesty ran aground because the autcuild
associated GPS continued to operate in a limited fof ‘fail silent’ mode based on dead reckoninghe
crew were, therefore, faced with the opposite mwid to those described in the previous item. Ralttam
being faced with the additional workload involvedsiolving a GPS failure, the crew continued to afeer
the system as though it were functioning normalhew in fact they were receiving increasingly erare
navigation data.

Over-Reliance on Navigational DataA common theme across all of the incidentsdis paper is the high
degree of trust that operators place in GPS tedgyohnd their associated navigation systems. One
element in this may be the increasing integratid®S@pplications into mass market consumer products.
This may suggest that there is no additional regouént to consider the reliability and accuracy &fSG
readings within the context of safety-critical gat; familiarity may breed complacency. The s&ippf

the Sanga Na Langa had operated his navigatioeragsfor several years without any perceived faglure
and hence was extremely surprised when over-radiandGPS data led to the grounding of his vessel.

Lack of Hazard Monitoring and Over-Reliance on GR&rms Previous items in this list have
considered the human factors problems that cam avisen operators come to rely too much on the
navigational information provided by GPS applicaio One variation of this potential hazard stéess

from any failure to monitor location informationath from the high level of trust that can be placadhe
alarms provided by these systems. For examplayraatopilots enable operators to specify whenalisu
and audio alarms are raised as they approach khewards. This enables crew members to devote their
attention to other primary tasks than to monitee tbcation of potential hazards in their environten
However, the grounding of the Sanga Na Langa iifies what can happen when these alarms are not
raised.

Inaccuracies in Charts and Map3he Sanga Na Langa incident also revealed furttasards from
interactive navigation systems. The subsequesmsiigation conducted several studies to ensur¢hiabt
the GPS was functioning correctly but to ensureabeuracy of the associated electronic charts. nEve
when operators may be concerned to verify the locatata provided by GPS applications, they may rel



too much on the location of hazards identified leconic charts and maps. Many of these datacesu
were drawn up at a time when these technologies wet available and, therefore, may not be as ateur
as the fixes that are routinely available acroseymadustries. In other words, the widespread latdity

of accurate navigational aids is exposing the inemes in many of the charts and maps that giide t
operators of safety-critical applications.

7. Erosion of Traditional Navigational Skills and Ptaes. A continuing concern through several of the
reports that were studied in this paper is the sstjgn that the increasing use of GPS will leadro
erosion of traditional navigation skills and praes. This does not simply refer to the users'itghib
make an accurate fix on their position. It alsnst from a concern that operators are not takiagéme
degree of care in planning their intended routthebelief that they can always rely on GPS supiooget
them out of any eventual problem. The lack of eoptanning before the loss of the CASA 212 may
provide an eloquent example of this concern. ait be argued that greater care might have been take
the crew had they not been able to rely on the@tipovided by satellite navigation systems. Ashave
seen, however, the benefits provided by their teldgy are not always sufficient to address the waiege
of operation problems that can arise during safeligted operations in unknown terrain.

This list is not exhaustive; it summarises onlysth@oncerns that arose in the incidents examindusrpaper.

It seems clear that further problems will arisethie interaction between operators and the incrghsitomplex
technologies that are being integrated with GPSitnsuiccessors. It is ironic; however, thatrisi®ng number of
these adverse events may still not outweigh thgetanumber of adverse events which have occurreduse
individuals and teams of co-workers chose NOT ®nevigational systems (New Zealand Maritime, 2004)

Conclusions and Further Work

The Global Positioning System (GPS) uses a netvedrkrbiting and geostationary satellites to caltulthe

position of a receiver over time. This technold@s revolutionised a wide range of safety-critiodlustries and
leisure applications ranging from commercial fiséerthrough to mountain running. These systemwige

diverse benefits; supplementing the users existenggation skills and reducing the uncertainty tbla&racterises
route planning tasks. GPS applications also redvmmload by automating tasks that would otherwisasume
finite cognitive and perceptual resources. Howgthex operation of these systems has contributedrtomber of
recent accidents. Users often come to rely on g#flications and, therefore, fail to notice whbeayt develop
faults or when errors occur in the other systenas tise the data from these systems. Furtheremsidtan stem
from the ‘over confidence’ that arises when usesume automated warnings will be issued when tiray from

an intended route. This paper has argued thattgrettention must be paid to the human factor&Bs

applications as these technologies are integratedricreasing numbers of applications.

The timeliness of this work is increased by thdisation that GPS applications are increasinglynpeiised as
primary navigation systems. Standard operatingguiures across many industries maintain that sta$t not rely
on these applications; they must use them to sopple more traditional manual forms of route plagninThe
accidents reported in this paper together withst bbsimilar mishaps reveal that operational pcast may instead
be built on the use of GPS with other techniqudyg baing used intermittently for additional assur@an It is also
important to emphasise the wider impact of GPSystesn safety. The availability of accurate realdinavigation
systems is no longer viewed as an additional erdraent to existing operational practices. Instehése
applications can be seen as capacity enablerersWsll erode safety margins providing that thapy call upon the
information provided by GPS technology. They wilivel faster at closer distances from known hazardhis
exposes operators and members of the public to gkester hazards when problems do occur with positg
systems.

A limitation of the work presented in this papethat we have not explored the underlying percé@nd cognitive
factors that contribute to GPS related incident$ accidents. It seems clear that trust in theiseswprovided by
navigational systems contributes to a form of acxamfidence. Many accident reports describe theesefsurprise
that operators express when they realise that thaeyehave been a problem with navigation systehktswill never
again depend on GPS data to the same extent agaiis happy to relate his experience so that atreiners will
learn from his mistake’ (New Zealand Maritime, 2R06Further work is required to understand the igeec



mechanisms that account for such over-confidencéhabwe can better prepare individuals and teamesoe
workers for the many problems that can arise whesraction breaks down with GPS applications.
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