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Executive Summary

Researchers at the William J Hughes Technical Center Research Development and Human
Factors Laboratory conducied a human factors evaluaion of current vocoder tecimology with
controllersin a reattime ar traffic control (ATC) simulation. In the plase Istudy, the reseachers
presented auditory recordingsto controllers who provided intelligibilit y and accepabilit y ratings
as well as objective understandabilit y responses. The purpose of phase Il was to confirm the
findings d the prevous stdy ard investigate a &rger number of performance nmeasues umler
realstic ATC caonditions. The sudy compared he efeciveress & two vocoders (deroted as
vocoder A ard vocoder B for test pumposes)relative to the curent armalog radio communicaion
system The reseachers examned the efects d controller taskload aml arcraft backgound
noises @ eachcommunicaton system

Sixteenar traffic cantrollers from Level 5 Terminal RadarApproachControls (TRACONS)
paticipated n the sudy. The cantrollers arived atthe laboratory in pars, ard the reseachers
conduded two independent smulations Smultaneoudy. The experimental gppaatus consisted of
a hgh-fideity ATC simulator with a wice canmunication link betweeneachcontroller ard a
teamof trained simulation pilots. Eachcontroller operated a edar position without assstarce.
Eachof the smulation pilots trarsmitted with a dfferent aircraft backgiound noise ard respanded
to controller cleaarces appopriate to the arcraft type. The backgiound noises ncluded ¢t
aircraft, propdler arcraft, and helicopters.

The cantrollers performed 12 ane-hour traffic scemrnios over 3 days of testing. Scerarios
consisted of mediumard high traffic volumes desgned © produce diferent levels of controller
taskload. Mediumtaskload scearios cansisted of 48 arcraft, ard high taskload scearios
consisted of 60 arcraft appeaing within a 1hour petiod. Over the caurse d the expeliment,
eachpaticipart used dlthree canmunicaton systens ard worked a diferent setof four traffic
scerarnos with eachsystem The reseachers seécied a gearic Level 5 TRACON secor for
phase | that was deeloped anl validated n previous reseach.

The eypermental desgn included seera different ATC peformance nmeasuenerts. The
|aboratory aubmated dat cdlection systemproduced adrge setof systemeffeciveress
measues hat provided dyjecive indicaiors o sakty, capadiyy, ard eficiercy. An ar traffic
control speciaist (ATCS) nede over-the-shoulder ratings usng an observation form specifically
designed for ATC peformance evaluaion research. Controllers provided overall intellig ibilit y
ard accepbilit y ratings for eachcommunicaton systemard individualratings urder eachtype d
aircraft backgiound noise. In addtion, the catrollers provided etings d their mental, physical,
ard temporal workload afer eachscerario using the Natonal Aeronautical ard Space
Administration Taskload Indexprocedue. The systemalso cdlected reattime workload ratings
from controllers every 5 minutes usig the Air Traffic Workload Input Tecmique. The
reseachers dd not inform the paticiparts which communication systemwas @erating duing
eachscemuio.

The resuls indicaied hat the vocoders did not affect controller workload a systemsagtty,

capacity, and efficiency. Asin the first phase of the sudy, subjective intellig ibility ratings were
slightly higher thanaccepability ratings However, urlike phase I, the intelligibilit y and
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accepd#bility ratingsin phase Il showed a high degree of correlation. In general, overal
intelligibilit y and accepabilit y ratings were highest for analog radio, only slightly lower for
vocoder B, ard lowestfor vocoder A. The resuks indicaied aninteracton betweenthe
communication equipment and aircraft background noises for both intellig ibilit y and accepabilit y
ratings For jet and propdler background noises, intellig ibilit y and accepabilit y were the lowest
for vocoder A, but there wee no significart differences letweenaralog radio ard vocoder B.

For helicopter background noise, intellig ibilit y and accep#bilit y were the highest for analog radio,
but there wee no significart differences letweenvocoder A ard vocoder B.

Controller taskload did not affect intelligibilit y and accepabilit y ratings but had very srong

effects an the ather depenert measues. Safety, capady, ard eficiercy indicators stowed hat
controllers committed more sepaation erors, completed nore flights, ard issued rare clealarces
in high taskload scenarios. Observer and controller paformance ratings were generally lower in
high taskload scearios. Mertal, physical, temporal, ard overall workload wee higher in high
taskload scearos.

The intellig ibilit y and accep#bilit y results of the smulation agreed with the findings of the phase |
study. Both phasssugges that vocoder B is very comparade to aralog radio ard vocoderA is
less intelligible and accepé#ble to controllers. Althoughthe reseachers cdlected a érge rumber
of objective ATC peformance neasues awul other subectve ratings, there wee no other
differencesbetweenthe three canmunicaton systens. The results sugges that eventhe leas
preferred vocoder did na have subgantial detrimental effects on controller peformance.
However, both phases of the sudy have examined alimited set of factors that could potentially
influerce he efeciveress ¢ vocoders. Future reseach stould investigate addiional issues.
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1. Introduction

1.1 Backgound

Radb congeston is a ngjor problem facing the ar traffic cantrol (ATC) systemtoday. The
Federa Aviation Administration (FAA) currently maintains 25 kHz bandwidth between analog
radio channels in the ATC system. A redudion in this bandwidth will allow the addition of more
chamels to the systemard reduce edio congeston. Vocoders (voice calers) offer one passhble
solution for redudng channd bandwidth. A successful implementation of vocoders, however,
requires that the speeclproduced ly thembe intelligible and accepéble for ar traffic cantrollers
ard piots. This study investigates vocoder human faciors issues usg a eattime ATC
simulation to evaluate the efectiveress @ vocoders underrealstic ATC canditions.

Vocoders are a dgital communication tecimology that converts luman speecthinto a canpressed
digital format that radios cantrarsmit. The campresson process depels upm a speecimodel to
produce sgynals that saund like the ariginal speech The resulk is that vocoders cantrarsfer
speeclsignals atvery low bit rates over a dgital communicaion link.

Vocoders offer advantages wer the curent aralog radio communication system The pioposed
bit rate of 4.8 kips campatentialy increase tte rumber of available ATC canmunication chamels
by a facor of four. In addtion, digital technologies dfer improved secuity for communicatons
ard lutions to the pioblems of suck mcrophonesard “stepped o tramsmissions. Vocoders
do have limitations, however. Because bappioximations mede n the canpressbn process,
vocoder trarsnissons may saund samewhat different from what controllers have come to expect

1.2 Purpce

The pupose d this phase & the vocoder study was b conducta human factors ewaluaion of
cumrent vocoder techology with air traffic cantrollers in a reattime ATC simulation. The
researchers intended the smulation to confirm the intellig ibilit y and accep#bilit y findings of the
first phage (La Due,Sdlenberger, Belanger, & Heinze,1997)ard to investigate a &rger number
of peformance measues umlerrealstic ATC canditions. Asin the first phase,the pesen study
compared he efectiveress & two vocoders (deroted as wcoder A ard vocoder B for test
purposes)relative to the curent aralog radio communication system In addtion, the reseachers
investigated the efects d controller taskload anl arcraft backgiound noises s each
communication system

1.3 Saope

The researchers limited the sudy to controller recepion of pilot trarsnmissons. Pilot recepion of
controller trarsmssbns is a sepaate issue hat would require cetified plots ard other resaurces
that were beyond the scope of this gudy but may be examined in a future sudy. As in the first
phase @ this study, the reseachers setthe kit eror rate of the vocoders at 10°, which has been
the gardard in most vocoder research (Child, Cleve, & Gralde, 1989;Delel, Grade, & Child,
1989) The bt eror rate deerminesthe frequemy of bit erors produced m the rarsmissions ard
represets arother saurce d signal degadaton other thanthe canpressbn process m vocoder



communications. The reseachers ako setthe volume level of the arcraft backgiound noises at
90 dB, which is typical for the cockpits of mast civil aviation jet, propdler, and helicopter aircraft.
The results of this sudy may not be applicable to military arcraft that have loude cockpits. The
presenm study did not systermaticaly investigate the sexof the speakes asm the first phase.
Howewer, the reseachers dd recad the sexof the smulation pilots ard cantrollers paticipating
in the gudy.

2. Method

2.1 Participants

Sixteenmale arr traffic cantrollers from 13 Level 5 Terminal RadarApproachControls
(TRACONYS) volunteered for this sudy. All participants were full performance level (FPL)
controllers, ard al but one hed actvely controlled traffic for the pastl2 nonths. Eachcontroller
completed an initial questionnaire to describe the background characteristics of paticipants in the
study. Controllers ranged n age fom 32 o 52 yeass old (Mean= 3894, SD = 4.88), ard ranged
in expelierce fom 8 to 34 years d acive sevice Mean= 1706,SD= 669). Additionally,
controllers provided sdtratings d three pesonal attributes hat could afect simulation
performance. The rating sca¢ ranged fom 1 (mearnng low/poor) to 10 (meanng high/ygood) on
eachqueston. The atributes ncluded ethusiassmto paticipate (Mean= 881,SD= 1.17), heath
(Mean= 856,SD= 146), ard prior knowledge d vocoders (Mean= 250,SD= 1.79).

2.2 Simulation

Researhers canducted the simulation in the Researh Dewvelopment ard Human Factors
Laboratory (RDHFL) at the FAA William J Hughes Technical Center. The smulation equipment
consisted of sate-of-the-art controller workstations with large high-resolution displays, avoice
communication system networked canputer resources,ard AT Coachsimulation sdtware
(copyright UFA Inc., 1992) Two human factors specalists ard one curent Level 5 TRACON
air traffic cantrol specalist (ATCS) conducied the smulation ard cbsenved the paticiparts in the
control room. A voice communication link to another room dlowed controllers to issue ATC
commandsto ateam of trained smulation pilots. The smulation pilots moved the arcraft radar
targets usng smple keyboard canmands aml canmunicated wth the cantrollers usng proper
ATC phraseology.

The reseachers piinted ard time-ordered fight progress stips n a stip bay before the sart of
eachscemro. During the smulation, audb-visualequpmen recaded he catrollers radar
disply, voice canmunicaions, ard actons for future reference. The reseachers canducted two
indepenlert simulations smultareously. Eachcontroller operated a edar position without
assstarce.

Figure 1 illustrates the overall setup and organization of the Smulation pilots, controllers, and
obsewer. In eachof the indepemlert sessins, one smulation pilot (deroted as A or B1)
operated al arcraft using simple keyboard canmands aml did not communicate with controllers
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(deroted as Aor B). Three dher pilots communicated wih the cantrollers. Eachof these dots
trarsmitted with a dfferent arcraft backgound noise amd respanded o controller cleaarces d
the appopriate arcraft type. Ore plot (deroted as & or B2) trarsmitted with a telicopter
backgiound noise, a secad pilot (deroted as 8 or B3) trarsmitted with a poopeler aircraft
backgiound noise, ard the third pilot (deroted as A or B4) trarsmitted with a jet aircraft
background noise. In addition to readbacks, the smulation pilots provided initial contact
communications ard replied to traffic advsaries. The ATCS obsewved over the stoulder of one
controller ata time for eachscemirio but switcched b watching the aher controller on akernate
Sceranos.

The reseachers nodified the laboratory communicaion systemto incorporate the vocoders ard a
noise gerrator that produced ealstic sttic in aralog radio tramrsnissons. The sgnal-to-noise
ratio for aralog radio trarsmssbns was caparalde to that produced at0% of the sevice
distance for ATC radio antennas. Asillustrated in Figure 2, smulation pilots wore enclosed
headset, ard whenthey keyed their microphones, the system produced aicraft backgound noise
ard sdetone in their headsed The reseachers adysted the sde-tone level sothat the retural
speaking volume of eachpilot produced a wice sgnal that controllers head atove the
backgiound noise. The reseachers setthe wlume level of all aircraft backgiound noises at

90 dB Piot tramsmissions pased throughone d the wo vocoders or the aralog radio smulator.
The controllers heard aircraft background noises in al communications with pilots. Controllers
wore openearheadset, ard whenthey keyed their microphones,the systemproduced sietone
only in their headsets. The controllers’ transmissions to the smulation pilots were dways through
a ckarcommunicaton chamel because ot recepton was ot the focus d this study. The
reseachers recaded ATC backgiound noise from Philadelphia TRACON ard played the tape
over the caitrol room speakes whle the catrollers worked taffic.

2.3 Airspace

The reseach teamsekcted a gearic Level 5 TRACON secbr that was deeloped an validated
in a pevious human factors smulation sudy (Guttman, Stein, & Gromelski, 1995) Gereric
airspace las seera adwantages eative to modeling anactual secor in simulations. The gemric
airspace was degined D provide a ealstic Level 5 TRACON ervironmert for controlling traffic
ard to be easyfor controllers to lean. The gemric secor consisted of eadly remembered ix
names ard simplified operating procedues. Using gereric arspace,reseachers canseecta
cross-section of controllers from different air traffic facilit ies and quickly train them to operate in
the arspace. Actual arspace $ muchmore difficult for controllers from other fadlit ies to learn.
Using actual airspace,only a restricted sarple of qualfied cantrollers from a sigle fadlity can
participate in asmulation. Additionally, it can typically take months of training for controllers to
become qudified in an actud sector that is urfamiliar.

GENERA (GEN), the gerric TRACON secbr, was degjned n a four-corner post configuration
typical of most Level 5 TRACONSs. Arriva arrcraft ertered the seocbr from the rorthwest
northeast sauth, and sautheast Depature arcraft exted the secbr to the rorth, east west ard
sauthwest The seobr consisted of a cetral magjor arport with pallel runways amd three ninor
airports. In the actial simulation, only the right parlel runway was adtve, ard the mnor arports
were not operational.
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24 Traffic Scerarnios

The human faciors spealists ard anATCS constructed 12 ar traffic scemrios for the smulation.
Eachscemirio was 1 lour in duration ard caonsisted of a mix of jet, propeler, ard helicopter
aircraft operating in Instrument Hight Rules (IFR) conditions. All scenarios sarted without any
aircraft on the radardisplay. Then aircraft seadly appeaged, creaing a lildup d traffic that
maintained unil the caxclusion of the scearo. Desgning scemirios with either a medium or high
volume of traffic produced diferent levels of taskload. Medium taskload scearios cansisted of
48 arcraft appeaing within a 1hour petiod -- 34 arivals ard 14 depaures High taskload
scerarios consisted of 60 arcraft appeaing within a 1-hour petiod -- 42 arivals ard 18
depatures. Three ATCSs pre-evaluaied these aicraft numbers to ersure that they represered
realistic traffic volumes for Level 5 facilities. The researchers designed the scenarios with
different traffic flow characteristics b ersure that eachscemrio presered different ATC
challenges br the cantrollers.

2.5 Desdgn

25.1 Indepenen Variades

The man independent variable used in the Smulation was the type of communication equipment.
Eachpaticipart controlled different traffic scemrios usng ether vocoder A, vocoder B, or the
aralog radio simulator. The aralog radio simulator was te “control” condition of the expefiment
that seved as e strdard of comparison for the vocoders. The secaod indepemert variade was
the level of controller taskload hat the reseachers varied ly desgning scemrios with either a
medium or high volume of traffic.

A third indepenlen variade exanined was lte type d arcraft backgound noise. Howewer, the
reseachers calld not systematicaly manipulate arcraft backgiound noise as ¢her indepelert
variables in the smulation. Althoughdifferent arcraft background noises were included in pilot
trarsmissions, the experimental desgn could not determine the individualeffects of jet, propeler,
ard helicopter noises br most of the depedert measues. Howewer, the reseachers wee alle to
examine controller’s subjective ratings of intellig ibilit y and accep#bilit y for the different aircraft
background noises.

The eypermental desgn canbe summarized as a 3  within-suljects (or repeaed neasues)
desgn with the faciors o Equipmenrt (vocoder A, vocoder B, aralog radio) ard Taskload
(medium, high). For the intelligibilit y and accep#bilit y ratings the researchers conduded a

3 x 2 x3 within-subjects aralysis with the addiion of Backgiound Noise (et, propeler,
helicopter).



25.2 Depemen Variades

The RDHHR. aubmated dat cdlection system produces adrge setof systemeffeciveress
measiresfor ATC smulation research (Buckley, DeBaryshe, Hitchner, & Kohn, 1983;Stein &
Buckley, 1992) Althoughresearchers exanined te ertire set of measires this sudy will r eport
the resuks rom a nuchsnmaller sutset Table 1 slows the sulset of measues sedcied as
represemative indicatbors in the citical peformance aeas ¢ sakty, capadiy, ard eficiercy
(Apperdix A lists the camplete setof systemeffeciveress neasues)

In addtion to these djecive peformance measues,anATCS obsenved cantrollers ard made
over-the-shoulderratings d pefformance. The ATCS used arobsenation form specally
desgred r ATC pefformance ewaluation reseaich (Sollenberger, Stein, & Gromelski, 1997)
Table 2 slows the 24 diferent rating sca¢s d the dosewation form orgarized nto 6 nmgjor
performance caegaies (Apperdix B displys the actial Olbsewner Raing Form).

Finally, controllers provided intelligibilit y and accepabilit y ratings for the vocoders and analog
radio simulator after eachscemrio. In addtion, controllers provided sdlratings ndicaing their
overal pefformance, situatonal awaeress,ard workload. Included n the ratings wee workload
scaes Iased upao the Natonal Aeronautical ard Space Alministration Taskload Index
(NASA-TLX), a multi-dimensional workload asessmert method (Hart & Stavelard, 1988)
During eachscemurio, controller workload was sapled usng the Air Traffic Workload Input
Tecmique ATWIT), a reattime workload assessent method. Table 3 stows the ratings
callecied fom controllers (Apperdix C dsphys the actial Post-Scerario Questonnaire).

2.6 Training

Controllers paticipated n a training program to help themleamn the germric arspace ad becane
familiar with the smulation setup and procedures. The researchers developed atraining manud
that descibed the gerric secor stardard operating procedues SOPs), letters of agreenent
(LOASs), sectr layouts, arrival ard depature routes, trarsfer of control points, ard runway
appoachprocedues. An ATCSreviewed he main paints of the manual with controllers then
illu strated the procedures while conduding special damonstration scenarios. In the remaning
training time, controllers worked o 30-minute piacice scearnos. The reseachers dd not
intend the pracice scearios 1 be part of the canmunication equpmert evaluation. Therefore,
patticiparts did not use he vocoders duting pracice aml caonmunicated using the aralog radio
simulator.

2.7 Procedue

The cantrollers arrived atthe RDHHR in pars for a week © simulation testing ard evaluaion.
Mondayard Fidaywere travel days. TuesdayWednesday ard Thursdayconsisted of project
briefing, secbr training, ard simulation test scemrios. The paticiparts worked fom 8:00 AM to
4:30 AM with a 1+our lunch peiiod ard three 10minute kreaks eacllay The caitrollers
completed a lackgiound questonnaire an the first dayard a inal questonnaire on the last dayof
the sudy. After eachscemrio, controllers completed a past-scerario questonnaire (see
Apperdix C).



Table 1. Repesemative ATC System Effeciveress Meas@s

| — SAFETY
NSTCNF - Number of gandard teeminal conflicts
NLCNF -Number of ILS onflicts
Il - CAPACITY
NCOMP -Number of flights mmpleted
NHAND - Number of flights handled
CMAV - Cunulative average of system adivity/aircraft density
Il - EFFICIENCY
NPTT - Number of controller pus-to-talk transmissions
DPTT - Duration of contraller push-to-talk transmissions
NALT - Number of altitude clearances
NHDG - Number of heading cleaances
NSPD -Number of airspeed clearances
DHAND - Duration of flights handled
DIST - Distance flown for flights

Table 2. Obsewvation Form Raing Scaks

| — MAINTAINING SAFE AND EFFICIENT TRAFFIC FLOW
1. Maintaining Separation ard Resolving Potential Conflicts
2. Sequencing Arrival and Departure Aircraft Efficiently
3. Using Cantral Instructions Efficiently/Effectively
4. Overall Safe ard Efficient Traffic How Scale Rating
Il - MAINTAINING ATTENTION AND SITUATION AWARENESS
5. Maintaining Awareness of Aircraft Positions
6. Ensuring Positive Control
7. Detecting Rilot Deviations from Control Instructions
8. Carecting Own Errorsin a Timdy Manner
9. Overall Attention and Situation Awareness Sale Rating
Il - PRIORITIZING
10. Taking Actions in an Appropriate Order of Importance
11. Preplanning Cantrol Actions
12. Handling Control Tasks for Several Aircraft
13. Marking Flight Stripswhile Performing Other Taks
14. Overall Prioritizing Scale Rating
IV — FRROVIDING CONTROL INFORMATION
15. Providing Essential Air Traffic Control Information
16. Providing Additional Air Traffic Control Information
17. Overall Providing Cantrol Informatian Scale Rating
V — TECHNICAL KNOWLEDGE
18. Showing Knowledgeof LOAs and SOPs
19. Showing Knowledgedf Aircraft Capabilities and Limitations
20. Overall Technical Knowledge Scale Rating
V| — COMMUNICATING
21.Using Proper Phraseology
22. Canmunicating Clearly ard Efficiently
23. Listening to Filot Readbacks and Requests
24. Overall Communicating Scale Rating




Table 3. Controllers Subjective Ratings

. Controller performance

. Controller workload

. Controller stuation anareness

. Smulation pilot performarce

. NASA-TLX, mental demard

. NASA-TLX, physical demand

. NASA-TLX, temporal demand

. NASA-TLX, paformance

. NASA-TLX, efort

10. NASA-TLX, frudration

11a Intdligibility, overall transmissions
11h Accepability, overall transmissions
12a Intdligibility, jet transmissions

12h Accepability, jet transmissions

13a Intdligibility, propdler transmissions
13h Accepability, propdler transmissions
14a Intdligibility, helicopter transmissions
14h Accepqability, helicopter transmissions
ATWIT, Air Traffic Workload Irnput Technique

O©CO~NOOTAWNPE

Table 4 slows the scearo counterbalarcing feaures d the experiment. The reseachers
assgned cantrollers to one o three goups @eroted A B, or C). Eachgroup o controllers used
eachof the three canmunication systens ard worked a diferent setof four traffic scemrios with
eachsystem Eachsetof scemrios cansisted of two medium (e.g., M1 ard M2) ard two high
(e.g., H1 ard H2) taskload scearios. An important feaure o the experimental desgnto
enphaske b that eachcontroller worked eacltscemrio only once. If controllers repeatd he
scerarnos ushg different communicaion systens, the scearios wauld have beeneasér to pefform
the second time dueto familiarity with the traffic problems Additionally, a different group of
controllers worked eactsetof scemrios using different communication systens. This techique
ersured that, if there weee ary espeally easyor difficult scemuros, controllers worked hemwith
eachof the canmunicaton systens.

Table 5 slows the presemietion order of the scearios. The reseachers randomly ordered the
presemetion of scemros exeptfor a ew constraints. The two controllersin eachpar (eg., 1
ard 2) used diferent communication systens atthe sane time because nly one vocoder A,
vocoder B, ard aralog radio simulator was awilable for the smulation. In addtion, the two
controllers worked dfferent scerrios atthe sane time to awid canfusion from heaing each
other issue ctamrces b the same arcraft. Asindicated n the able, the ATCS alternated
betweenthe two controllers ard cbseved anly scemrios M1, M3, M5, H1, H3, ard H5. The
controllers did not work ary of these scesrios smultareausly at the wo positions.



Table 4. Scerario Counterbalarcing

Group A

Participant Vocoder A Vocoder B Analog Radio
1 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
2 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
3 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
4 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
5 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
6 M1 M2 H1l H2 M3 M4 H3 H4 M5 M6 H5 H6

Group B

Participant Vocoder B Analog Radio Vocoder A
7 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6
8 M1 M2 Hl1 H2 M3 M4 H3 H4 M5 M6 H5 H6
9 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6
10 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6
11 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6
12 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6

Group C

Participant Analog Radio Vocoder A Vocoder B
13 M1 M2 H1l H2 M3 M4 H3 H4 M5 M6 H5 H6
14 M1 M2 H1l H2 M3 M4 H3 H4 M5 M6 H5 H6
15 M1 M2 H1l H2 M3 M4 H3 H4 M5 M6 H5 H6
16 M1 M2 H1 H2 M3 M4 H3 H4 M5 M6 H5 H6

Note.

M1, M2, M3, M4, M5, ard M6 are smilar moderatetraffic scenarios

H1, H2, H3, H4, H5, ard H6 are amilar high traffic scenarios
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Table 5. Scerario Presemation Order

Participant 1% 2nd 3 4t 5 6" 7 g S LU 0 AL LN 7ol

1 M5:R* H4:B M3:B* M6:R H5:R' H2:A M1:A* M2:A H3:B* M4:B HL:A* H6R
2 H2:A HLA* M6:R H3:B* M2:A M5:R* M4:B H5:R' H6:R M1:A” H4:B M3:B
3 H5:R* M2:A HL:A* H2:A M5R H6R H3:B* H4:B M3:B* M6:R M1:A* M4:B
4 H2:A M5R* H4B H3:B* M4:B ML:A* M2:A HL:A* H6:R M3:B* M6:R H5:R’
5 M5:R* H2:A M3:B* M6:R M1:A* M4:B H3:B* H4B H5R* M2:A HL:A* H6R
6 H4:B H5R* M2:A HL:A" H6:R M1:A* M6:R M5:R* H2:A M3:B* M4:B H3:B*
7 H1:B* H6:A M3:R' M6:A M5:A” H4:R M1:B* H2B H5A" M2:B H3:R' M4:R
8 M6:A M1:B* M2:B H3:R' H4R H5A" H6:A M3:R' M4&R M5:A* H2B HLB*
9 M5:A* H6:A M1:B* HA&R H5A* M4:R M3:R* M2:B H3:R' M6:A H1:B* H2B
10 H2B H3:R* M6:A H1:B* M4:R M5:A” M2:B H5:A*" H6:A M1:B* H4R M3:R
11 H5:A* M6:A H3:R' M2:B M1:B* H6:A M5:A* M4:R M3:R* H2B HLB* H4R
12 H2B HLB* H6:A H3R' M4:R M3:R* M2:B M1:B* M6:A M5:A* HAR H5A*
13 M3:A* H6:B H5B* M4:A MI1:R* M2:R M5:B* H4&A H3:A* H2ZR HLR* M6:B
14 H6:B H3:A" H4&A HLR'* M6:B H5:B* H2:R M5B" M2:R M3:A* M4&A ML:R
15 M5:B* H2:R M1:R' H6:B H3:A* H4&A HLR'® M6:B H5:B° M2:R M3:A* M4:A
16 M4:A M5:B* H6:B HLR* M6:B H5:B* H4:A M3:A” M2:R H3:A* H2R MI1R'
Note.

M1, M2, M3, M4, M5, ard M6 are smilar maderatetraffic scenarios
H1, H2, H3, H4, H5, ard H6 are dmilar high traffic scenarios

A, B, and R cenote voooder A, voooder B, and analog radio, respectively
# indicates the ATCS observed the scenario

The reseachers used AWIT to assess atroller workload as lhe paticiparts conducted traffic.
ATWIT provides arunobtrusive ard reliable mears for cdlecting cantrollers workload retings
(Stein, 1985;Stein, 1991) A touchscreenpreserted a wakload reting scake amd cdlecied
controllers' responses. Controllers indicated their current workload level by pressing one of the
touch screen buttons labeled from 1 (indicating low workload) to 10 (indicating high workload).
The systemrequesed he cattrollers input every 5 mnutes ly emitting sewra beeps ad
preseiing the rating sca¢. Participarts had 20 secads © respand by pressing one o the 10
buttons. If controllers were too busyto respand within the alowed ime, the systemrecaded a
workload rating of 10 by defult.

3. Reslits

The researchers used Analysis of Variarce ANOVA) to deermine the efects of the
communication equpmert, controller taskload, ard when possble, backgiound noise an the
depedert measirescdlected n the smulation. ANOVA is a gatistical procedue for
determining whether the diferences letweenmears ae due ¢ the indepemlert (or treaiment)
variades a due b charce abne. The resulks d the aralysis produce arf statistic ard an

11



asseiatedp value. The p value is the probahilit y that the differences in the means are dueto
charce abne. Researhers canpatre the p value D a sekcted sgnificarce bvel to deermine if the
treatment is Satistically reliable or sgnificant. A treatment with ap value geatr than.05 is not
statistically signific ant.

Reseathers refer to the aralyses assoated wih eachindepenlert variabe as nain effects arl
the aralyses assoiated wih combinations of varialdes as mteraction effects. An interacion
occurs whenthe efects o one varialde are diferent depewling upm the level of arother variade.
If an interaction is sgnificant, the experimental design must be broken down into its basic
components, referred to as smple man effects. One smple main effect involves the differences
betweenthe three canmunication systernrs for low taskload scearios, ard arother involves the
differences letweenthe systens for high taskload scearios. Reseathers canpute anF statistic
for eachsimple main effect Significart main effects a simple main effects with more thantwo
treamment levels (e.g., vocoder A, vocoder B, ard aralog radio) must be aralyzed ly a pcst hoc
compatison procedue o deermine whch levels are satisticaly different. In the presem study,
reseachers usedlte TukeyHonestly Significart Difference (HSD) test for al post hoc
compatisons, ard the sgnificarce kvel wasp < 05 for the aralyses.

For most of the depedert measires the researcchers conducted a ivo-way ANOVA, which
produced esuks caceming the main effects o the ndepemwlert variabes (.e., equpmen ard
taskload) and the two-way interaction between the variables. For the intelligibility and
accepd#bility ratings the researchers conduded a three-way ANOVA to examne backgiound
noise as athird factor. Tables will summaize the results of the analyses and report the F statistics
assaiated wih the efects for eachdepenert measue. Graphs will present the means of the
experimental conditions in more detil for sekcted depedert measues.

3.1 SystemEffectiverness Measu@s

Table 6 $iows the results of the wo-way ANOVA for the gystemeffeciveres measires As
expeced,the F statistics ndicate that controller taskload had a \ery strong effect on the system
effeciveress neasues. The saéty indicatbrs stowed hat controllers committed nmore stardard
ard longitudinal sepaation erors in high taskload scearios. The capady indicators slowed that
controllers handled and completed mare flig hts and the aircraft density was higher in high
taskload scearios. The eficiercy indicators stowed hat controllers communicated nore
frequenly ard canmunicated bngerin high taskload scearios. The duation of the flights ard
distarce town were also longer in high taskload scearios. Howewer, there weke no significart
effects d the canmunication equpmert ard no interactions betweenequpmert and taskload for
this setof measues.

Figure 3 and Figure 4 illustrate number of push-to-talk transmissions (NPTT) and duration of
pushto-talk trarsnissons (DPTT), respecively, as a @inction of the canmunication equpment
ard cantroller taskload. Both measues ae exrenely important in anequpmert evaluation
because anurclearpilot trarsmssons should resuk in addtional controller trarsnissons for
clarificaion. As shown in the figures, high taskload scearios sgnificartly increased NPT ard
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Table 6. F Statistics Oltained fom the Two-way ANOVA Performed on the System
Effeciveress Meas@s

Measure Main Effect: Equipment Main Effect: Takload  Interadion Effect
NSTCNF - standard conflicts F (2,30) =0.18,n.s. F (1,15) =8.33* F (2,30) =050, n.s.
NLCNF - longitudinal conflicts  F (2,30) =1.28,n.s. F (1,15) =3217** F (2,30) =0.35,n.s.
NCOMP -flights ammpleted F (2,30) =1.79,ns. F (1,15) =18502** F (2,30) =056, n.s.
NHAND - flights handled F (2,30) =0.38,n.s. F (1,15) =741838** F (2,30) =0.10,n.s.
CMAV - aircraft density F (2,30) =0.36,n.s. F (1,15) =44381* F (2,30) =091,ns.

NPTT - number of trarsmissions F (2,30) =088,ns.  F (1,15) =55845*  F (2,30)=0.11,ns
DPTT - duration of F(2,30)=070,ns  F(L,15)=55611*  F(2,30)=024,ns

transmissions

NALT - altitude dearances F (2,30) =2.02,n.s. F (1,15) =13887* F (2,30) =145,ns.
NHDG - heading cleaances F (2,30) =164,ns. F (1,15) =24464** F(2,30)=1.10,ns.
NSPD -airspeed dearances F (2,30) =0.04,n.s. F (1,15) =10023** F (2,30) =043,n.s.
DHAND - duration of flights F (2,30) =0.74,n.s. F (1,15) =43831* F (2,30) =093,ns.
DIST - distance of flights F (2,30)=118,n.s. F (1, 15) =35838** F(2,30)=122,ns.

* indicates a gatidically reliable effect at a ggnificance level of p < .(b
** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
n.s. indicates an effect that was not statigically sgnificant
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Figure 3. Meannumber of pushto-talk trarsnmissons as adnction of communicaion equpment
ard caontroller taskload.
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Figure 4. Meanduration of pushto-takk trarsmssbns as audnction of communication equpmert
ard caontroller taskload.

DPTT. Howewer, there wee no significart effects o the canmunicaion equpmert ard no
interactions betweenequpmert ard taskload or either measue.

3.2 Observer Raings

Table 7 $iows the results of the wo-way ANOVA for the doserver ratings The F statistics
indicate that controller taskload had a \ery strong efect on most of the dosewer ratings. In
general, the ratingswere lower in high taskload scenarios. However, taskload was not sgnific ant
for observer ratings of marking flight srips knowing LOAs ard SOPsknowing arcraft

capabilit ies, usgng proper phraseology, and overall communicating. The communication
equpmert had no effecton the dosewner ratings exeptfor listening to pilots, and there wee no
interactions between equipment and taskload for this set of ratings
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Table 7. F Statistics Oltained fom the Two-way ANOVA Performed on the Olserver Raings

Rating Main Effect: Equipment Main Effect: Takload  Interadion Effect
1. Maintaining separation F (2,30) =0.02,n.s. F (1,15) =1007** F (2,30) =0.05,n.s.
2. Sequencing traffic F (2,30) =218,ns. F (1,15) =1553** F (2,30) =2.39,ns.
3. Using control instructions F (2,30) =035, n.s. F (1,15) =1279** F (2,30) =055, n.s.
4. Overall traffic flow F (2,30) =0.23,n.s. F (1,15) =1622** F (2,30) =2.35,ns.
5. Maintaining awnareness F (2,30) =0.12,ns. F (1, 15) =1585** F (2,30) =1.31,ns.
6. Ensuring pasitive control F (2,30) =0.15,n.s. F (1, 15) =26.79** F (2,30) =0.79,n.s.
7. Detecting pilot deviations F (2,30) =041,ns. F (1,15) =957* F (2,30) =0.74,n.s.
8. Carecting own arors F (2,30) =1.84,ns. F (1, 15) =6.55* F (2,30) =0.30,n.s.
9. Overall attention & awareness F (2,30) =0.13,n.s. F (1,15) =1787** F (2,30) =0.61,n.s.

10. Taking adion in order
Preplanning montrol actions
Handling control tasks

11.
12.
13.
14.
15.
16.

18.
19.

21.

23.

24. Overall communicating

Marking flight gtrips
Overall prioritizing

Providing essential info
Providing adlitional info
17. Overall providing info
Knowing LOAs and SOPs
Knowing aircraft capabilities
20. Overall technical knowledge
Using proper phraseology
22. Cammunicating dearly

Listening to pilots

F (2,30) =0.10,n.s.
F (2,30) =025, n.s.
F (2,30) =0.38,n.s.
F (2,19) =061,ns.
F (2,30) =0.10,n.s.
F (2,30) =0.82,n.s.
F (2,28) =101,ns.
F (2,30) =182,ns.
F (2,30) =0.20,n.s.
F (2,30) =0.23,n.s.
F (2,30) =047,n.s.
F (2,30) =0.74,n.s.
F (2,30) =069, n.s.
F (2,30) =3.33*

F (2,30) =1.08,n.s.

F (1,15) =1387*
F (1,15) =1233*
F (1,15) =1656**
F(1,9)=377,ns.
F (1,15) =1261*
F (1,15) =7.35*

F (1,13) =1430*
F (1,15) =1003**
F (1,15) =339, n.s.
F (1,15) =225, n.s.
F (1, 15) =4.60*

F (1,15) =281,ns.
F (1,15) =4.62*

F (1,15) =8.80*

F (1,15) =3.00, n.s.

F (2,30) =1.78,n.s.
F (2,30) =0.78,n.s.
F (2,30) =187,ns.
F (2,14) =000, n.s.
F (2,30) =165, n.s.
F (2,28) =053, n.s.
F (2,26) =038, n.s.
F (2,29) =135,n.s.
F (2,29) =0.02,n.s.
F (2,30) =0.02,n.s.
F (2,30) =069, n.s.
F (2,30) =0.03,n.s.
F (2,30) =040, n.s.
F (2,30) =045, n.s.
F (2,30) =038, n.s.

* indicates a gatidically reliable effect at a sgnificance level of p < .(b
** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
n.s. indicates an effect that was not statigtically sgnificant

Figure 5 illustrates the observer ratingsfor listening to pilots as a function of the communication
equpmert ard cantroller taskload. Althoughthe diference appea snall, obsewer ratings wee
significartly lower in high taskload scearios. Becausehte equpmert effectwas sgnificart also,
the reseachers caxducied TukeyHSD paost hoc canparisons. The tests reveakd hat vocoder A
receved the Hghestobsewer ratings aml there was o significart difference etweenaralog radio
ard vocoder B.
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Figure 5. Meanaobsewer rating for listening to pilot readlacks ad requess as adnction of
communicaton equpmert ard cantroller taskload.

Figure 6 illustrates a taxonomy of the observer comments recorded during the smulation. The
purpose d the taxonomy was b idertify ary differences n controller performance usng the three
communication systens. The reseachers seécted 23 caggaies kased upa a sulpecive
determination of common themes wthin the dosewver comments. The reseachers canputed he
percertagesfor eachcommunicaton systembased upa 411 conments for vocoder A, 450
comments for vocoder B, ard 445 conments for aralog radio. Althoughthe researchers did not
conductary formal statistical procedues o the taxonomy, there donot appeatto be ary large
differences l@tweenthe canmunicaion systens. As stown, the nost frequemn obserer comment
referred to excessve final spaang.

3.3 Controller Ratings

Table 8 $iows the results of the wo-way ANOVA for the cantroller ratings The F statistics
indicate that controller taskload had a \ery strong efecton most of the cantroller ratings.
Controller and smulation pilot peformance was lower in high taskload scenarios. Mental,
physical temporal, ard overall workload wee higher in high taskload scearios. Controller effort
ard frustration were also higher in high taskload scearios. Howewer, taskload was ot significart
for Stuation awareness ratings and overall intellig ibilit y and accepability ratings The
communication equipment had a sgnificant effect on overall intelligibilit y and accepability
ratings but there were no interactions between equipment and teskload for this set of ratings
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Category Labd

Final Spacing Too dose

Late Turn to Find

Poor Speed Contral in Pattern
Imprope Procedure

Poor Approach Turn-On

Poor Speed Control on Final

Did Not Maintain Awareness
Issued Required Traffic Advisories
Stripmerking
Inefficient Vector Technique
Incorred Aircrdt Callsign

Bad Ranning

Effective Phming

Less Tha Required Sgparation
Ineffi ciert Instructions

Ensured Correct Readback
Legd Separation on Divergent Headings
Poor Prioritization

Did Not Ersure Correct Readback
Droppel Aircraft Due to Controll er Error
Droppel Aircraft Due to Pilot Error
Othe

0

i

Pe centageof Comments
10 15 20 25 30 35

Equipment

HVocoder A
HEVocoder B
OAnalog Radio

Figure 6. Taxonomy of obsewner comments as aunction of the canmunicaion equpmert.
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Table 8. F Statistics Oltained fom the Two-way ANOVA Performed on the Cantroller Raings

Rating Main Effect: Equipment Main Effect: Takload  Interadion Effect

1. Controller performance F (2,30) =093,n.s. F (1,15) =1592** F (2,30) =017,ns.
2. Controller workload F (2,30) =0.79,n.s. F (1, 15) =25658** F (2,30) =0.37,n.s.
3. Controller stuation awnareness F (2,30) =1.11,n.s. F (1,15) =2.72,n.s. F (2,30) =0.09,n.s.
4. Smulation pilot performarce  F (2, 30) =0.06, n.s. F (1,15) =9.40** F (2,30) =1.33,ns.
5. NASA-TLX, mental demard  F (2,30) =0.01,n.s. F (1,15) =15708** F (2,30) =293,ns.
6. NASA-TLX, physical demand F (2,30) =0.25,n.s. F (1, 15) =7000** F (2,30) =0.73,n.s.
7. NASA-TLX, temporal

F (2,30) =069, n.s.

F (1,15) =13613*

F (2,30) =046, n.s.

demard

8. NASA-TLX, peaformance
9. NASA-TLX, effort

10. NASA-TLX, frudration
11a Intdligibility, overall
11h Accepability, overall F (2,30) =1654** F (1,15) =0.20,n.s.
ATWIT F (2,30) =2.24,n.s. F (1,15) =11901**

F (2,30) =042, n.s.
F (2,30) =048, n.s.
F (2,30) =023,n.s.
F (2,30) =1021**

F (1,15) =7.27*

F (1,15) =1665**
F (1,15) =2343*
F (1,15) =045, n.s.

F (2,30) =0.21,ns.
F (2,30) =026, n.s.
F (2,30) =0.00, n.s.
F (2,30) =0.89,n.s.
F (2,30) =131,ns.
F (2,30) =0.13,n.s.

* indicates a gatidically reliable effect at a ggnificance level of p < .(b
** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
n.s. indicates an effect that was not statigically sgnificant

Figure 7 illustrates the ATWIT ratings as a function of the communication equipment and
controller taskload. Controller workload s animportant measue in anequpment evaluaion
because andifficulty in communications should resuk in higher workload ratings. As shown in
the figure, high taskload scearios sgnificartly increased wikload, but equpmert had no effect
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Figure 7. MeanAir Traffic Workload Input Techique &tings as aifnction of communicaion
equpmert ard cantroller taskload.

Figure 8 and Figure 9 illustrate the intellig ibilit y and accep#bilit y ratings respectively, for dl
trarsmissons as adnction of the canmunicaion equpmert ard cantroller taskload. The
paterns of the ratings were nearly identical, athoughintelligibilit y ratings were dightly higher
thanaccepabilit y ratings. In fact, the Pearson produd-moment correlation between the
intelligibilit y and accepabilit y was very high, r (190) = .88. Taskload had no effecton

intellig ibilit y and accep#bility ratings However, becausehe equpment effectwas sgnificart,
reseachers canducted TukeyHSD post hoc canpaiisons. The tests reveakd hat vocoder A was
the least intellig ible and least accep#ble. Analog radio ard vocoder B were not significartly
different for ether rating.
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Figure 8. Mean intellig ibilit y ratings for dl transmissions as a function of communication
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Figure 9. Meanaccepdbility ratings for al transmissioins as a function of communication
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Equipment

equpmert ard controller taskload.
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Table 9 $1ows the results of the threeway ANOVA performed on the intellig ibilit y ratings with
aircraft backgiound noise as ke third facior. Asin the previous twvo-way aralysis of overall
intelligibilit y, the F gatistics indicate that controller taskload had no effect on intellig ibilit y ratings
The main effects d equpment ard backgiound wete significart. Howewer, the interacion
betweenequpment ard backgiound wassgnificart also and quaified the individualmain effects.
The reseachers exanined the smple main effects for eachof the three ackgiound noises.

Table 9. Degrees & Freedan, MeanSquases, ard F Statistics Oltained fom the Threeway
ANOVA Performed on the Intelligibilit y Ratings

Source of Variation Degrees of Freedon  Mean Squae F Satigic

Equipment 2,30 7218 1017**
Taskload 1,15 212 061,ns.
Background 2,30 3861 11.79**
Equipment*T askload 2,30 344 1.09,ns.
Equipment*B ackground 4,60 212 2.64*
Taskload*Background 2,30 0.49 0.76,n.s.
Equipment*T askload*Background 4,60 0.19 045,n.s.

* indicates a gatidically reliable effect at a ggnificance level of p < .(b
** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
n.s. indicates an effect that was not statigically sgnificant

Table 10 slows the resulks o the aralysis of simple main effects ard the TukeyHSD post hoc
compatisons caducted on the sgnificart effects. The F statistics ndicate that al three smple
main effects wee significart. For jet ard propeler backgiound noises,vocoder A was te least
intellig ible and analog radio and vocoder B were not sgnific antly different. For helicopter
background noise, analog radio was the most intelligible and vocoder A and vocoder B were not
significartly different.

Table 10. Mean Intellig ibilit y Ratings, F Statistics Obtained from the Analysis of Smple Main
Effects, ard TukeyHSD Post Hoc Camparisons

Far Ja Background Naises

Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
6.22 6.91 7.17 6.46** A < B; A <Radio; B = Radio
For Propeller Background Noises
Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
5.86 6.58 7.13 1159** A < B; A <Radio; B = Radio
For Helicopter Background Noises
Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
5.23 5.75 6.70 8.42** A = B; A < Radio; B < Radio

** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
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Table 11 siows the results of the threewvay ANOVA performed on the accepbilit y ratings with
aircraft backgiound noise as he third factor. Asin the pevious wo-way aralysis of overall
accepd#bility, the F statistics ndicate that controller taskload had no effect on accepabilit y
ratings. The main effects o equpmen ard backgiound wetre significart. Althoughthe
interaction betweenequpmert and backgound was ot significart, the efectwas reaty
significart. Because bthe importance d accepability ratingsin this sudy, the researchers
further investigated the relationshp betweenequpmert ard backgound by exanining the smple
main effects for eachof the three ackgiound noises.

Table 11. Degees & Freedan, MeanSquases, ard F Statistics Oliained fom the Threeway
ANOVA Performed on the Acceptbility Ratings

Source of Variation Degrees of Freedon ~ Mean Sguae F Satigic

Equipment 2,30 10672 1257**
Taskload 1,15 0.56 0.10,ns.
Background 2,30 4322 10.54**
Equipment*T askload 2,30 2.66 0.65,ns.
Equipment*B ackground 4,60 1.89 240t
Taskload*Background 2,30 0.20 0.34,n.s.
Equipment*T askload*Background 4,60 0.25 047,ns.

** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
n.s. indicates an effect that was not gatidically sgnificart
Note.
T indicates an effect that wes not gatidically sgnificant, but nearly significant with ap value
less than .06

Table 12 slows the results o the aralysis of simple main effects ard the TukeyHSD post hoc
compatisons caducted on the sgnificart effects. The F statistics ndicate that al three smple
main effects were sgnificant and the patern was the same as the intellig ibilit y ratings  For jet and
propeler backgound noises,vocoder A was te leastaccepsble ard aralog radio ard vocoder B
were not significartly different. For helicopter backgiound noise, aralog radio was te nost
accep#ble ard vocoder A ard vocoder B were not significartly different.

Table 12. MeanAccep#bility Ratings F Statistics Obtained from the Analysis of Smple Main
Effects, ard TukeyHSD Post Hoc Campalisons

Far Ja Background Naises

Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
5.69 6.52 6.92 8.78** A < B; A <Radio; B = Radio
For Propeller Background Noises
Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
5.30 6.16 6.86 13.18** A < B; A <Radio; B = Radio
For Helicopter Background Noises
Vocode A Vocode B Analog Radio  F Statidic Tukey HSD Camparisons
467 531 6.38 10.66** A = B; A < Radio; B < Radio

** in dicates a gatidically reliable effect at a sgnificance level of p < .QL
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3.4 Find Questionndre

Table 13 slows the catroller responses b questions on the final questionnaire. The resuts ae
mears based upan a 10point rating scake. As shown, controllers found the smulation to be
realstic ard the gemric arspace easyo lean. The paticiparts also indicated that the smulation
pilots pefformed wel ard the ATWIT procedue dd ot interfere with their pefformance.

Table 13. Exit Questionnare Ratings

Question Mean SD
1. In general, how realistic was the smulation? 6.94 208
2. How realistic were the aircraft background noises? 7.3 2.00
3. How realistic were the traffic scenarios? 8.13 1.73
4. How realistic was GENERA airspac? 7.69 162
5. How difficult was it to leam the GENERA airspac? 138 102
6. How well did the smulation pilots perform in the smulation? 7.94 139
7. Towhat extent did the ATWIT probe techniqueinterfere with your peformance? 1.88 1.26

4. Discwssbn ard Canclusions

The canmunicaion equpmert had no effect on the systemeffeciveress neasues. Controllers
maintained saéty, capadiyy, ard eficiercy while usng the vocoders. In gerera, there wee few
sepastion erors, ard capady remained costant because catrollers did not hold traffic.
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Howewer, NPTT ard DPTT were sensitive indicators that tended © vary with individual
controller style. Evensaq, trarsmissbns weke no more frequei or longer using vocoders
compared b aralog radio.

Controller taskload red large efects an the systemeffeciveress neasues. Safety ard eficiercy
deceasedard capadly increasedn high taskload scearios. Howewer, becausehere wee no
interactions betweenequpmen ard taskload, the vocoders did not impede pefiormance n either
low or hightaskload scearios. Objecively, the systemeffectiveress neasues ndicaie that
vocoder transmissions were highly intellig ible and did not disrupt controller peformance. These
results are consistent with the objective intellig ibilit y findings of the phase | sudy.

The dbsewer ratings d controller performance aso tended b vary with individual controller style.
Although some controllers performed better than others, observer ratings were not any lower
while using the wocoders. In fact obsewers rated listening to pilots as hgher for vocoder A than
aralog radio or vocoder B. The hgher obsewer rating in this peformance aea was uasual
because aatrollers tended b rate vocoder A as te leastintellig ible and accepable. Howewer,
the result suggess that controllers were listening more closely to vocoder Atrarsmissions,
possbly due b a parer qualty signal, ard made nore readlack carectons or clanficatons. The
subjecive dosewer ratings wee consistent with the dojecive systemeffeciveness neasues,ard
both indicate that the vocoders did not interfere with controller performance.

Althoughthe intelligibilit y and accep#bilit y results were very smilar, the correlation between
ratings was rchlower in the first phase = .37) compared b the secod phase ( =.88). The
reasm for this difference s not clear, but it is likely due b the diferences n the rating
procedures. In phase I, controllers listened to audio recordings and made intellig ibilit y and
accepdbilit y ratings immediately after the researchers presented eachmessage. This procedue
did not involve memory and seemed to encourage controllers to contrast intellig ibilit y and
accepd#bility and mé&e independent ratings In phase |1, controllers made post-scenario ratings
that depended upan memory and seemed to encourage related intellig ibilit y and accepabilit y
ratings

The resuks o both phases sbwed hat the sgnal qualty of the vocoders was diferent for the
three aicraft backgiound noises. For jet ard propeler backgiound noises,vocoder B was as
intellig ible and accepable as aalog radio, but vocoder A was sightly lower. In fact, both
vocoders had same difficulty processig helicopter backgiound noises canpared b aralog radio.
The reasm for these diferences ¢ likely due b the diferent speechmodek ard canpresson
algorithms of the vocoders. The speecmodel for vocoder B seened © be more effective than
vocoder A, although helicopter backgiound noise was a wealass br both. Now that this study
has idertified hese weakessesjt may be possble for the vocoder manufacturers o improve
upaon their modds in future versions.

The presen reseach denonstrates e paver of simulation to evaluate new conceps ard
equpmert. Simulation places catrollers under realstic taskloads ad denands peformance
under conditions that they have experienced in their facilities. Simulation adlows researchers to
make enpirical compatisons d cumrent techmology with adwvanced sgtens a sulsystems. This
study demonstrates the capatilit ies of smulation to go beyond subjective analyses and provide
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managers with objecive peformance daato make decsions almut proposed clarges b the ATC
system

The results of both phases showed that intellig ibilit y and accep#bilit y ratings were very high and
neaty equalfor aralog radio ard vocoder B ard only sightly lower for vocoder A. These esuls,
coupled wth the lack d arny pefformance diferencesusng the vocoders, sugges that vocoder
technology could replace he curent aralog radio systemin the future. Howeer, both phases 6
the sudy have examined alimited set of factors that could potentially influence the effectiveness
of vocoders. Future reseach stould addess oher issues suchs he efects o speecirate,
accets, pilot recepion of controller trarsmssbns, ard sgnal degadaton over distarce.
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Apperdix A
ATC SystemEffeciveress Meas@&s

| — Saéty Indicators

NSTCNF - Number of stardard terminal conflicts
DSTCNF - Durétion of sandard terminal conflicts
NTCNF - Number of userdefined erminal conflicts
DTCNF - Duration of userdefined erminal conflicts
NLCNF - Numkber of ILS conflicts

DLCNF - Duration of ILS conflicts

NPCNF - Number of paallel conflicts

NBSCNF - Number of betweensecbr conflicts
DBSCNF - Duration of betweensecor conflicts
NASCNF - Number of airspace volations
DASCNF - Duration of arspace volations

API - Aircraft proximity index

CPA - Closestpaint of appioachfor eachconflict
CPAHSEP - Horizontal separation at CPA time
CPAVSEP - \értical separation at CPA time
NHOMISS - Number of handoff misses

Il — Capadiy Indicators

CMAYV - Cunulative awerage ¢ systemacivity
NHAND — Nunber of flights handled

NCOMP — Numker of flights completed
NLAND — Numkber of arrivals completed
NDEP — Nunter of depaturescompleted
NHOH- — Nunber of succesful handoffs
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[Il — Efficiercy Indicators

NPTT - Number of controller push-to-talk transmissions
DPTT - Duration of controller push-to-talk transmissions
NALT - Number of altitude cealarces

NHDG - Number of headng cleaarces

NSPD - Number of arspeed ctamrces

DHAND - Duration of flights handled

AVLAND - Average landing interval time

AVDEP - Average depdure interval time

DHODLY - Duration of handoff debys

NHTDLY - Number of hold/turn delbys

DHTDLY - Duration of hold/turn debys

NSTDLY - Numter of gart point ddays

DSTDLY - Duration of gart point delays

NMISS - Number of missed appaches

NCMESG - Number of controller keyslew ertries




Apperdix B
Observer Rating Form

Observer Code Date
Participant: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Scenario. M1 M2 M3 M4 M5 M6 H1 H2 H3 H4 H5 H6

Equipment: A B Radio

INSTRUCTIONS

This form is designed to be used by supervisory air traffic control specialists to evaluate
the efectiveness ofcontrollers working in simulation environments. SATCSs will obsewve
and rate the performance of controllersin several different performance dimensions usng
the scak below as a geeral purpose gude. Use e ertire scak range as nuch as pssble.
You will see a wile range ofcontroller performance. Take exensive notes onwhat you see.
Do not depend on your memory. Write down your observations. Spae is provided after
eachscak for comments. You may make preliminary ratings during the couse ofthe
scenario. However, wait until the scenario is finished before making your final ratings and
remain flexible until the end when you have had an opptunity to see al the avaikble
behavior. At all times pleag focuson whatyou acually see and hear This includeswhat
the conroller doesand what you might reasonably infer from the acionsof the pilots. Try
to avoid inferring what you think may be happening. If you do notobserve relevant
behavior or the results of that behavior, then you may leave a pecific rating blank. Also,
pleae write down any conments that may hep improve this evaluation form. Do notwrite
your name on the form itself. Your identity will remain anonymous asyour data will be
identified by an ob®rver code known only to yourself and theresearchers conducting this
study. The obsewations you make do not needto be restricted to the performance areas
covered in this form and may include other areasthat you think are important.

ASSUMPTIONS

ATC is a canplex acivity that contains both obsewvale ard urobsewvale behavior. There
are so many complex behaviors involved that no observationd rating form can cover everything.
A sanple of the behaviors is the best that canbe acheved, ard a gad form focuses a those
behaviors that controllers themselves tave idertified as he nost relevant in terms o their overall
performance. Most controller performance is a or above the minimum gandards regarding safety
ard eficiercy. The gal of the rating systemis to differentiate pefformance atove this minimum
The lowest rating should be assigned for mesting minmum gandards and aso for anything below
the mnimum since this should be a rare evert. It isimportant for the dosewner/rater to feel
comfortable usng the enire scak arl to understand that al ratings stould be based o behavior
that is acualy obsewved.
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Rating Scale Desciptors

Remove thisPage and keep it availablehile doing ratings

SCALE QUALITY SUPPLEMENTARY

Unconfidert, Indecsive, Inefficiert,

1 Least Effective Disargarized,Behind the powver cuive, Rough,
L eaves some tasks incomplete, Makes misakes
May issue caflicting instructions, Doesrit plan

2 Poor completely

3 Fair Distracied letweentasks

4 Low Sdisfactory Postpones routine actons

5 High Satisfactory Knows the job fairly well

6 Good Works seadily, Solves mast problems

7 Very Good Knows the job thoroughy, Plans well
Confidert, Decsive, Efficiert, Organzed,

8 M ost Effective Ahead @ the paver cuve, Smooth, Completes

all necessayr tasks, Makes o mistakes
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| - MAINTAINING SAFE AND EFFICIENT TRAFFIC FLOW

1. Maintaining Separation and Resolving Potential Conflicts.............. 12345678
* ugng control instructions that mantain safe aircraft separation
* detecting and resolving impending conflicts early
* recaynizing the reed br speed estrictions and wake trbulerce
sepration

Commaents:

2. Sequencing Arrival and Departure Aircraft Efficiently................... 12345678
* ushg eficiert ard ordelly spaang techiques ér arival ard
depature arcraft
* mantaining safe arrival and departure intervals that minimize

debys

Commaents:

3. Using Control Instructions Effectively/Efficiently.......................... 12345678
* providing accuate navigaional assstarce  pilots
* issung ecaomical cleamarces hat resut in need or few
additiona instructions to handle aircraft completely
* ersuling cleamarces use mimum necessay flight pah charges

Commaents:

4. Overall Safe and Efficient Traffic How Scale Rating..................... 12345678
Commeants:
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Il - MAINTAINING ATTENTI ON AND SITUATI ON AWARENESS

5. Maintaining Awareness of Aircraft POSItIONS.............cccoeevvvvieeennnn. 12345678
+ awiding fixation on one aea d the radar scqpe wten other
areas eed atention
* usng scanning paterns that monitor al arcraft on the radar
sce

Commaeants:

6. Ensuring Positive CONtrol .............ooovevuuiiiiiiiiiiiie e 1.2 3456 78
* tailoring control actions to Stuation
 ugng dardard proceduesfor handling heaw, energercy, ard
unusualtraffic Stuaions
* ersuling piot adrerence D issued dalarces

Commaents:

7. Detecting Pilot Deviations from Control Instructions.................... 12345678
« ersuling that pilots follow assgned ckamarces corecly
* correcting pilot deviations in a timely manner

Commaeants:

8. Correcting Own ErrarsinaTimely Manner ..........ccceeeiveevivinnnnnn. 12345678
* acing quckly to correctermors
» charging anissued @alarce wrennecessar to expedie traffic
flow

Commaents:

9. Overall Attention and Situation Awareness Scale Rating................ 12345678

Commaents:
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Il - PRIORITIZIN G

10. Taking Actions in an Appropriate Order of Importance................ 12345678
* resolving Studions that need immediate attention before
handling low priority tasks
* issung cantrol instructions in a pioritized, structured, ard
timely manner

Commaeants:

11. Replanning Control ACHIONS..........uuuiiieiiiiiiiie e 1.2 3456 78

» scaming adpcen secbrs o planfor future ard canflicting
traffic
* gudying perding flight stripsin bay

Commaents:

12.Handling Control Tasks for Severa Aircraft ............cccevvveeieiinnnnnn. 12345678
« shfting cantrol tasks letweense\era aircraft whennecessar
» communicating in timely fashion while sharing time with other
acions

Commaents:

13.Marking Hight Strips while Performing Other Tasks..................... 12345678
» marking flight strips accuately while talking or performing
other tasks
* keeping flight strips current

Commaeants:

14. Qverall Prioritizing Scale RatiNg .........cccuvvviiiiiiiiiiie e 1.2 3456 78

Commaents:
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IV - PROVIDING CONTROL INFORMATION

15. Providing Essential Air Traffic Control Information...................... 12345678
* providing mandaory services and advisories to pilots in atimely
manne
» excharging essetia information
Comments:
16. Providing Additional Air Traffic Control Information.................... 12345678

* providing addiional sevices wkenworkload s not a factor
» excharging addiional information

Commaents:

17.Overdl Providing Control Information Scale Rating..................... 12345678
Comments:

V - TECHNICAL KNOWLEDGE

18. Showing Knowledgeof LOAs and SOPS..........cccuvivvieiiiiiininnnnnn. 1.2 345678
« controlling traffic as depicted in current LOAs and SOPs
* pefforming handoff proceduescorrecty

Commaents:

19. Showing Knowledgeof Aircraft Capabilities and Limitations......... 12345678
* usng appopriate eed,vecioring, ard/or akitude asignments
to separate arcraft with varied flight capabilit ies
* issung cleamarces hat are within aircraft performance
paameters

Commaents:
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20. Overall Technical Knowledge Scale Rating .............ccccvvvinieiiennnnns 12345678
Comments:

VI - COMMUNI CATING

21. Using Proper Praseology........cvuuvieiiiiiiiiie e 1.2 3456 78
» usng wordsard phrases specfied n the 711065
* ushg phrasedogy that is appopriate for the stuation
* usng minmum necessary verbiage
 speakng with confidert, auhoritative tone of voice

Commaeants:

22. @mmunicating Clearly and Efficiently...............ocooviiiiiiiiiinnnnnn. 1.23 45678
* speakng atthe piopervolume ard rate for pilots to understand
* gpeaking fluently while scanning or performing other tasks
* ersuling cleamarce deivery is complete, correctard timely
* providing camplete information in eachcleaarce

Commaents:

23. Listening to Pilot Readbacks and ReqUESES............ovvvviviieieinnnd 12345678
* carecing piot readlack erors
* ackrowledging pilot or other controller requess promptly
* processing requests correctly in atimely manner

Commaents:

24. Overall Communicating Scale Rating ...........coovvvvviiieiiiiiiiiiieeeeens 1.2 3456 78
Commeants
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Apperdix C
Post-Scerario Quesionnaire

Participant: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Scenario:.  Mx M1 M2 M3 M4 M5 M6 Hx H1 H2 H3 H4 H5 H6
Equipment: A B Radio

INSTRUCTIONS

The pumpose of this questionnaire is to deermine how the conditions of this scenario affect your
opinions ard peformance. Asyou arswereachqueston, please b as lonest ard as accuate as
you can. Your identity will reman anonymous so do not write your name on the form. Instead,
your daa will be identified by a paticipant code known only to yourself and the researchers
conducting this sudy.
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General Ratings

1. Please ate how well you controlled traffic during this scenario.

nt 1 2 3 4 5 6 7 8 9 10 extremey
well well

2. Please ate your overall workload during this scenario.

very 1 2 3 4 5 6 7 8 9 10 very
low high

3. Please ae your overall Stuational awarenes during this scenario.
very 1 2 3 4 5 6 7 8 9 10 very
low high

4. Please ae how well the smulation pilots performed during this scenario.
not 1 2 3 4 5 6 7 8 9 10 extremey
well well

NASA TLX

5. Circle the rumber that best descibes the mental demand during this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high

6. Circle the rumber that best descibes the physical demand during this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high

7. Circle the rumber that best descibes the temporal demand during this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high

8. Circle the rumber that best deribes your performance duiing this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high

9. Circle the rumber that best deribes your effort during this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high

10. Circle the rumber that best deribes your level of frustration during this scenario.

extremely 1 2 3 4 5 6 7 8 9 10 exrenely
low high
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INSTRUCTIONS

In the scenario just completed, transmissions from the Smulation pilots have been processed
throughether avocoder or an analog radio smulator. Please rate the intelligibilit y and the
accepdbilit y of the pilot transmissions on the scales ddined below. Confine your ratingsto the
scerario justcompleted. Circle the ane rumber that best apples for eachscaé.

Intelli gibility
« Ability to understand what was said in the message

poor 1 2 3 4 5 6 7 8 excellent

Poor - could not understand arything that wassaid duiing the trarsmission
Excelent - understood e\erything that was elayed duiing the trarsmssbn precisely
Acceptability

« Qualty of the messageeg., amoying, pleasah

« Effort required to understand the nessage: eg., eay, burdersome

« Potential influerce d the ackgound noise: eg., buzzing, hissng, eftc.

poor 1 2 3 4 5 6 7 8 excellent

Poor - terribly annoying, frugrating, or urpleasant to listen to

Excelent - excelent signal qualty, a ckarsignal that was péasanto listen to

C-3



Intelli gibility
Poor - could not understand arything that wassaid duiing the trarsmission
Excelent - understood e\erything that was elayed duiing the trarsmssbn precisely
Acceptability
Poor - terribly annoying, frugrating, or urpleasant to listen to
Excelent - excelent signal qualty, a ckarsignal that was péasanto listen to

11. In geneal, all trarsmssons
Intelli gibility

poor 1 2 3 4 5 6 7 8 excellent

Acceptability

poor 1 2 3 4 5 6 7 8 excellent

12. Jet background trarsmssbns
Intelli gibility

poor 1 2 3 4 5 6 7 8 excellent

Acceptability

poor 1 2 3 4 5 6 7 8 excellent

13. Propeler background trarsmissons
Intelli gibility

poor 1 2 3 4 5 6 7 8 excellent

Acceptability

poor 1 2 3 4 5 6 7 8 excellent

14. Helicopter badkground trarsmissons
Intelli gibility

poor 1 2 3 4 5 6 7 8 excellent

Acceptability

poor 1 2 3 4 5 6 7 8 excellent
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Please @ke a noment ard kriefly write sane notes almut your impressons o the scearno just
completed. Focus o the canmunications ard ary problems you might have ercourtered. Be as
speciic as yu can
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