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Abstract 
■ 

■ 

\ This papar  dascrlbss work in prograss on tha usa    of    visual    scanning 
bahavior as an indicator of pilot workload.    Tha study is investigating  tha 
relationship bstwaan laval of  porfornanca on a constant  piloting task under 
siaulated    IFR    conditions,    the    skill    of    the pilot, th* level of mental 
workload induced by an additional verbal task imposed on  the  basic    control 
task,  and visual scanning behavior. 

_J 
HThe results indicate  an increase in fixation dwell    times,    especially 

on    the primary instrument with increased mental loading.     Skilled subiects 
''stared" less under increased loading than did novice pilots.     Sequences of 
instrument    fisations were also  esamined.    The percentage  occurrence of the 
subiect's most used sequences decreased with increased task  difficulty    for 
novice subiects but not  for highly skilled subiects. 

\ 
Entropy rate (bits/sec)   of  the sequence of fixations was also used    to 

quantify    the scan pattern.     It  consistently decreased for most subiects as 
the  four loading levels used increased     An  exponential    equation    in    task 
difficulty    was    found to  be  a- good predictor of entropy rate.    When solved 
for task difficulty, the equation provided an estimate of the level of task 
difficulty perceived by 4 subiect. 

J 

Piloting and numbet task performance    measures    were    recorded    and    a 
combined      performance      measure      was      computed. Skill    was    estimated 
independently via a method based on pilot experience.    These measures    were 
combined    with entropy rate to  develop a model relating  performance, skill. 
and mental workload.    The exponential model fit the    data    well    enough    to 
suggest    that    this    approach has promise in the evaluation of interactions 
among these variables. 

Introduction ,■ 

The quantification of mental workload in aircraft pilots has    been    of 
considerable    interest   „for    some    time.       Perhaps    the     chief    reason    for 
measuring workload is to predict conditions under    which    task    performance 
will decrement.    If such conditions could be accurately predioted. then the 
nature and temporal sequence  of flight    procedures    and    of    pilot/aircraft 
interfaces    might    be    arranged    so as to minimise the chances of overload. 
Quantitative analyses of workload remain elusive however.    What    one    would 
like    is    a    clear    cause    and    effect    relationship between an Independent 
variation in imposed workload  and some reliable dependent measure. ) 
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( » 
Th* t«ak of (lying an aircraft is oomplax howavar.    and    it    has    baan 

difficult      to      clarify      tha    functional    ralationshipa    batwaan    varioua 
paraaatara in piloting tasks.    Tha skill a particular individual brings    to 
tha piloting task and tha natura of tha taak which is parformad oan both ba 
•xpaotad to influanca tha  "difficulty" of tha task.    Thasa (actors    may    ba 
(urthar    oomplicatad by a shift in tha  pilot's prioritias;    (Soma tasks may 
ba ignorad whila othars raoaiva full attantion). 

SKILL 

PERFORMANCE 

WORKLOAD 

Figure 1.  INTUITIVE RELATIONSHIPS BETWEEN 

PERFORMANCE, SKILL, & WORKLOAD 

o 

Tha    problams    which    such    intar-ralationships    introduoa       is      wall 
illustratad whan ona attampts to  amploy task parformanca  as an Indicator of 
workload.    All pilots, ragardlass of skill, can ba aapactad to axhibit poor 
parformanca   .if    tha loading laval is axcassiva.    Tha ovarload situation it 
ralativaly    aasy    to    assass.      howavar.      using      subiactiva      taohniquas. 
Situations    which involva intarmadiata to high lavals of loading would saan 
to ba tha onas of mora practical conoarn;    ia..    ona    is    conoarnad    with 
minimising tha chanca of a high workload approaching an ovarload situation. 
Intuition suggasts that tha laval of skill of tha pilot nay    influanca    tha 
parformanca    vs    workload ralationship for intarmadiata or marginal loading 
lavals.    A pilot of high skill    would    ba    axpaotad    to    maintain    "battar" 
parformanca    than    a   novioa    (lyar    undar    any    loading condition short of 
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overloid.     This Intuitiv« oonoapt is lllustratsd oraphiCAlIy in figure  1. 

Th« cassaroh dssoribsd hsrs usss this graphical representation  of    the 
psrformanos/skill/workload    rslationship«    in    order    to    pose    a number of 
testable hypotheses      It will be  suggested  shortly that  instrument  scan may 
be     an    indicator    of    workload     and/or    skill    in    certain types  of  flight 
situations,   a suggestion  supported   by     both     qualitative     and     quantitative 
results.     In  addition,  if a measure  of  workload based on  instrumnt scan is 
combined with independent measures  of pilot skill and  performance,     then     a 
model    of     the    hypothetical relationships in figure  1 may  be  developed   and 
tested. 

Visual  Scanning  Behavior 

The pilot has many sources  of  information input  but the most  important 
one    during    instrument    flight    is    probably    the    visual    pathway.    Under 
instrument  flight conditions,  some sensory inputs may    even    provide     false 
information    suoh    as    vertigo     which    results    from conflicting  visual   and 
vestibular information.     The  pilot  obtains information concerning     aircraft 
state     by    cross-checking    or    scanning     the flight  instruments.     The  exact 
method of  scanning the instrument  panel varies    from    pilot    to     pilot    but 
there     are some  basic features common to  a  "good" scan pattern.     Indeed, it 
was the early study by  Fitts and  his  associates on    instrument     transitions 
which    led    to the familiar  "T"   arrangement  of the maior  flight   instruments 
(Jones,  et.al..  1946). 

A fundamental notion n the  present work is that  a repetitive  piloting 
task    will    invoke    a    regular visual  scan  (spatial/temporal pattern of   eye 
movements)   during instrument  flight.     If this notion is     correct,     then    it 
may     be    postulated that external  factors such as noise,  interruptions,   and 
fatigue which interfere with    the     piloting     task    may    produce     measurable 
changes    in    the    scanning    behavior.     Such a measure would be  particularly 
attractive  for quantifying workload  since it  would  be  both non-invasive and 
obleotive. 

Esperimental Design 

A series of experiments is being carried in order to carefully examine 
these ideas. The basic experiment is described in detail elsewhere (Tola. 
et al. 1982) and only the salient points are repeated here. The 
experiments described were performed at the NASA/Langley Research Center. 
Flight Management Branch, in Hampton. Virginia, making use of their flight 
simulator and ooulometer facilities  (Middleton. et.al..  1977). 

Three factors were manipulated in the experiments: 1) a piloting task 
requiring a stereotyped scan path. 2) a verbally presented mental loading 
task,  and  3)  a workload calibration side task. 

Ve sought a representative  constant piloting maneuver whioh    might    be 
realistically    expected    to occur for periods of up to  10 minutes in  actual 
flight.    This run length was chosen as an estimate of the minimum amount of 
time    required    to    provide    a sufficient number of instrument  fixations to 
satisfy the assumption of steady state  conditions.    The Instrument    Landing 
System    (1LS)    approach    is often chosen  as the piloting task in studies of 
workload  (Waller.   1976:    Krebs  and Vingert.   1976:     Spady.   1977).        Hovever. 
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( 
the     ILS     approach     represents     a     constantly     changing     task  difficulty as 
touchdown is    approached     (•specially     du«    to    increases    in    Glide     slope 
sensitivity  and  cost  of  error for  course  deviation).     This variation in  the 
primary task loading makes it difficult to accurately control the amount  of 
mental    workload    on    the pilot  as an independent variable.    It was decided 
that  a scenario in which glide slope     sensitivity    and    heading    were     held 
constant    would    allow    the    piloting     task difficulty to remain relatively 
constant for a long period, but nevertheless be more or less realistic. 

A     desktop    general     aviation     instrument    flight    simulator       (Analog 
Training    Computers    ATC-510)    was  used  to simulate these flight manuevers. 
The ATC-510 is a procedures trainer for light, single engine,    fixed     pitch 
prop,  fixed  gear. IFR  equipped aircraft      The simulator was equipped with  a 
turbulence level control which was    set    to     the     first    level    above     calm 
conditions in order to force some  pilot vigilance  on the flight task. 

Pilot    lookpoint    on    seven    instruments     (Attitude     Indicator    'ATT'. 
Directional     Gyro     'DC.    Altimeter     'ALT'.  Vertical Speed  Indicator  'VSI'. 
Airspeed  'AS',  Turn and  Bank  '*B'.   and  Glide     Slope/Localizer     'GSL')     was 
measured    using    a  Honeywell oculometer system which has been substantially 
modified  by NASA Langley  Research  Center  (Middleton. et.al..     1977).       This 
device     is non-invasive and allows the  user to  determine the time  course  of 
eye  fixations on instruments employed  by the  pilot  and the    dwell    time     of 
each fixation to the nearest  1/30  sec. 

The mental  loading  task was  chosen so  as    not    to    directly    interfere 
with the visual scanning of the pilot   (i.e.    the task would not require  the 
pilot to  look away from the instruments)  while  providing    constant    loading 
during     the    maneuver.       The    task used  required the pilots to respond   to a 
series  of evenly spaced three-number  sequences  (Uittenborn.   1943)   presented 
to     them    audibly    by    means of  a speaker.    The pilot was told that he   must 
respond  to  each    three-number    sequence    by    indicating    either     "plus"     or 
"minus"     according    to the  algorithm   :     first number largest, second number 
smallest   a   "plus"   (e.g.     5-2-4).  last  number largest,  first number smallest 
>   "plus"   (e.g.     1-2-3),   otherwise,   "minus"   (e.g.     9-5-1). 

The mental workload experienced by the pilot is inversely proportional 
to the intervals between number sequences. This relationship is given by 
the  followina  equation which is arbitrarily  chosen: 

(1)  TD   a   1/interval between^task 

( 

where TD is equal to imposed task  difficulty.     The four loading levels used 
in     the     current    experiments    were     intervals    of  continuous silence   (i.e. 
no-numbers presented), ten. five,  and  two seconds which have     corresponding 
task difficulties  of 0.0. 0.1. 0.2.   and  0.5.  respectively. 

Numbers were generated by a computer    controlled    speech    synthesiser. 
This     allowed     automated    scoring  of  task accuracy,  calculation of  response 
reaction times,  and the possibility  of  temporal  correlations of    visual     or 
other    responses    with the  verbal stimulus.    The probabilities of  occurence 
of   " + "   and  "-"  sequences were  each 0.5.     The  pilot was instructed    to     give 
the    number    task    priority    equal     to     that  of the  piloting task  as if   the 
verbal  Questions    represented    a     constant    rate     of    radio    communication. 
Performance    was    recorded    by    having     the  pilot press a  3-position rocker 
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) 
switch mounted  on th« vole» up tor plus and  down for minus. 

Th« «mount of msntal loading imposed on th« pilot by ths    number    task 
was     calibrated    using a side task  (Ephrath.   1975).    Th* runs made with  the 
side task were not used in the    scanning    analysis,    however,    due    to    the 
alteration    of    normal    scanning    caused    by    the task.    The results  (Tola, 
et.al..   1982) from these runs confirmed    the    relative    difficulty    of     the 
various number  intervals. 

A microprocessor development  system  (Burns,  et.al.  1980) was used     for 
both stimulus presentation and data  collection and analyses. 

Performance Measures 

Several variables were obtained  from each of the twotasks in  order to 
allow    the    computation    of    performance    scores.    The scores developed ran 
between 0 percent and 100  percent with 100 percent being    obtained    if    the 
pilot    never deviated from the intended path in space on the piloting  task, 
and  if  all number task sequences were answered    correctly    for    the    mental 
loading    number    task     The scores from the  piloting  and the mental loading 
tasks were then combined  to provide  a performance measure to be  used in the 
validation of proposed perfornance/skill/workload model. 

The scoring measure  for the number task was computed  us given  below. 

( TOT  -     WRO   -     MIS) 
(2) -^TP   ■      x  100% 

TOT 
where 

TP   = mental loading number task performance 
TOT   =  total number of  stimuli  presented 
WRO  =   number of incorrect'responses 
MIS  ■ number of missed responses 

This score was  100  percent  if the  pilot  answered «very    sequence     correctly 
and     zero    percent    if % pilot either  answred incorrectly or missed all of 
the  stimuli presented.    Most sublects score nearly 100%    on    this    task    if 
they have nothing else to  do simultaneously. 

The raw data available for scoring performance on    the    piloting    task 
were     the    errors from the  intended  track for  the glide slope and  localiter 
courses.    Discussions with several    highly    skilled    pilots    revealed    that 
accuracy    of    tracking    the    glide    slope and localiser might not provide a 
complete performance picture.    These    pilots    were    willing    to    trade    off 
"smoothness"    when the loading task became more difficult:    i.e.     the   pilot 
may  perform the piloting task to  the  same  level    of    accuracy,     as     far    as 
deviations    from a designated path are concerned, on two  different runs  but 
produce two very different ride qualities  for    these    runs.       One     possible 
measure    for    smoothness    could     be the frequency of oscillation  around  the 
intended path.    The higher this frequency is.  the less    "smooth"    the    ride 
becomes.       It    was arbitrarily    assumed    that    a smooth ride would contain 
frequeoies mostly less than 0.1 He.     Under this aasumption. measurement    of 
the    spectral    component    of    the    aircraft    dynamics    above 0.1  Hs.    would 
indicate any decrement in the ride  quality. 

238 



In ordar to •xamin* this «••■ur«.  th« powar-sp«otr«I dansity (PSD)    of 
tho    courso    doviationi    was ooaputod.     Tho bandwidth of tho oaloulotod PSD 
was 2.5  Ht.    Tho  "powor" within a band  of troqusncias may bo dotorminod    by 
intogroting    tho PSD ovor that band  (Schwarte.  1959).    Wo ehoso to consider 
tho % of tho spootral powor which was located in tho band from 0.1    to     2.5 
Mt.       This    was    calculated    by subtracting the powor contained in the  band 
from 0 to 0.1 Hs  (assuming that tho DC.     component was first removed)   from 
the total power in the spectrum and multiplying by 100%.    This Ht of the  PSD 
was computed for both the glide slope  and the localiser and    combined     ««th 
the    two RMS moasuras to provide four candidate variables to  be included in 
a performanoe score for the piloting  task. 

Sine« the pilots    were    instructed    to    give    equal    priority    to    the 
piloting task and the mental loading number task, both were included in  the 
development of a combined performance score.      While    a    weighting    of    0.9 
might    have    been    assignad    to    each    task,    it    was    decided to leave  the 
weighting  free to allow    the    model    fitting    procedura    to    determine    the 
relative    weights.      A    linear    relationship    between    all of the terms was 
assumed and the form of the equation  became: 

(3) P   -   CONST   * aqfrP)  ♦   b(RHS/CS>   +   c(RMS/LOC) 
♦  d(«PVR/CS>   *  e(%PVR/LOC) 

where 
P •  combined performance measure 
CONST   ■ constant  term 

TP   ■ mental loading number task performance 
RMS/CS   m  RMS error from glide slope  track 
RMS/LOC  ■  RMS error from looalicer track 
%PWR/GS  ■  percent of powar from the  power'Spectral density  for 

the glide slope greater tan 0.1 Herts 
ttPWR/LOC   B  percent of powar from the  power-speotral density  for 

the localiier greater than 0 1  Herts 

Estimation of  Pilot  Skill levels 

In   order to  assess the effects of    skill    on    performance    and    mental 
workload,  an independent quantitative measure of skill was needed.    A modal 
of pilot skill based on    eaperienoe    factors    was    used    for    this    purpose 
(Hollister.  et al.  1973).    This modal was  developed in order to  predict  the 
current  level of skill of pilots flying light, single  engine aircraft. 

(4) Skill  ■   1.42  ♦  0.25(recency)  +  0.73(log(total tima» 
- 0.030(years certified)  + 0.15(log(time in type)) 
- 0.008e(aga>  +  a 

where 
Skill ■   score reflecting relative piloting 

performance 
raoenoy  • number of flight hours in past  30 days 
total time ■ total number of flight houre 
time in type ■ total number of hours in light single engine aircraft 
years oertified • time in years since last certificata 

orating 
age  ■  subleots's age in years 
e ■ residual variance not explained by the model 
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A rmw skill «cor« was oslculatsd for ssch of ths pilot sub1«cts using 
ths nodsl. Ths pilot with ths highest rssulting skill scor* was then used 
to normsliss sll of ths seorss so that skill Isvsls would rang« between 0% 
and 100%. Elsvsn aublscts ranging in skill fron NASA tsat pilots to 
non-pilots partieipatsd in ths sxpsrimsnts. The rslativs »kill scores for 
ths sublsots ars givsn in Tabls I. 

NASA PILOT* SKILL SCORE 

3 100% 
4 85 
11 77 
13 S3 
IS 39 
6 37 
12 33 
14 32 
• 22 
7 IS 
16 13 

TABLE I. 
Rslativs Skill Scorei of  Subiects based  on Eouation 4 

Though  cars must be taken when applying  an    equation    such    as    this    in    « 
different    set of  esperinental conditions, ths ovsrall rank ordering of   the 
pilots by this method is probably accurate    as    it    generally    agreed    with 
subiactivs    rating    of    ths    pilot's skills by saperisneed  observers at  the 
NASA/Langlsy Ressaroh Csntsr. 

* ■.     -   ■ 

Conduct  of ths Espsrimsnts 

Each ssssion consisted of four lO-minuts runs with    a    S-minut«    break 
between each run.    The difficulty of ths mental loading task would start  at 
no numbers for ths  first run and inorsass to 2-sec intervals by the    fourth 
run.       Some sublsots partieipatsd in two  ssssions.  ons without and ons   with 
ths sids task.    Each sublsct was allowed to practice all thrss tasks    until 
he (sit  comfortable with thea. '*'■' 

!« 
Preliminary  Results 

Instrument  dwsll    time    histograms    and    ths    frequency    of    usage   •of 
diffsrsnt    ssqusness    of    instrumsnt    fixations    wsrs    both affected by  the 
loading task.    Both rssults ars rsportsd in dstail slsswhsrs (Tola, st.st.<. 
1982)     and .only the malor points are msntionsd here     An inoreass in  dwsll 
tims with Inorsass in msntal loading was obssrvsd in all subiects.    This is 
illustrated    in    figure 2.    Novice sublsots generally had much longer  dwell 
times undsr incrsassd load than did skilled  pilots.     (Rslativs skill Isvsls 
ars    given    in    Table    I    above.)   Ths     fis'afion    ssqusness    of the pilot's 
instrumsnt sans wsrs analyisd. and the  psrosntags ocourrsnee    of    the1   ten 
most     frequently    occurring    ssqusness    wsrs    also  analysed.    Theae results 
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Figure  2.     DWELL TIME HISTOGRAMS  FOR TWO SKILLED PILOTS   (/M &  #11) 

AND TWO NOVICE PILOTS   (#9  &  #10)   UMDER VARIOUS. LOADING 

CONDITIONS 

indic»t«  that:     1)  skiU«d pilots us* a high»r  psresntao«  of thsir t«n most 
(rsqusntly    occurring    stquancas    than    do    novios    pilots    and 2) ths scan 
pattarn  of tha novioa subiaots wara affaotad mora by tha inoraasa in nantal 
loading    than    wara tha pattarns of tha highly skillad pilots.    This rasult 
is shown in figura 3. 

A mora  ganaral mtthod of quantifying tha  scan 

Traditionally, much of tha guantitatlva  analysis of soanmng    pattarns 
has amployad Markov transition probability matrioas  (Stark and Ellis.  1981: 
Krabs and Vingart.    1976).      Such    matrieas    do    dascriba    tha    pradominant 
pattarns in tha soan via tha ralativa sisas of transition probabilitias but 
it is aithar axtramaly unwialdy or    inpossibla    to    oompara    two    of    thasa 
matrioas    for diffarant axparimantal conditions.    Ona of tha malor goals of 
this rasaarch is tha idantifioation of ganaral mathods    for    tha    situdy    of 
scanning    bahavior.       To ba most usaful tha mathod should ba indapandant of 
tha      numbar      and      arrangmant      of       instrumants. Tha        natura of 
aya-point-of-ragard data (saquantial instrumant and dwall timas) obtainad 
from tha ooulomatar suggasts savaral mathods from information thaory which 
aay hava this ganarality. 
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Figure  3.     PERCENT USAGE OF LENGTH 4 SEQUENCES UNDER VARYING 

LOAD    (TYPICAL SEQ   :  ATT - DG - ATT - ALT) 

The piloting task In th* current  «xparimant is «ueh that    th«    pilot's 
toan    can     only    Urn    on    ono    of tho 7 spocifiad  inatrumants although aach 
fixation may  bo of  arbitrary duration.    Tho  tin« history  of fixationa haa a 
form which  is similar to that of a communications systam which can asauma 7 
discrete states with a varying duration in each state.    The orderliness    of 
such    a    system    is    related to the probabilities with which it cocupys its 
different states.    A system which always occupied the same state or    always 
made    the    sane transitions between states would thus be quite orderly.    In 
the oase of  instrument    scan,    these    situations    would    be    paralleled    by 
staring and  by  a stereotyped soanpath respectively. 

This concept of    system    order    may    be    stated    compactly    using    the 
mathematical    form    for    entropy from information theory.    The entropy of a 
seouence is  defined as  (Shannon and Weaver.   184»: 

• 
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I. 
(5) 

whsr« 

H    ■   -^? p    log    p 
o      iTi    i        Z   i 

H     ■  ob«*rv«d  «v«r«g*  «ntropy 
o 

p     ■  probability of ■•qucnc« i occurring 
i 

D   » ^ol Diffarcnt fl*qu«nc«s in th« scan 

In th«    oas«     of    tha    instrument    scan,     antropy    has    tha    units    of 
bita/aaquanca    and  providas a maaaura of tha randomnaaa  (or ordarlinaas)  of 
tha aoanpath.    Tha highar tha antropy.  tha mora  diaordar is praaant in    tha 
soan.      Tha    maximum    poaaibla    antropy    ia conatrainad by tha aiparimantal 
oonditiona (aaa  balow)      Tha antropy maaaura usas    tha    aama    probabilitias 
which    ara    praaant    in    tranaition    matricaa.  but  it yialda a aingla. mora 
oempaot  axpraaaion for tha ovarall bahavior    of    tha    probabilitiaa   rathar 
than praaanting  tham aach individually.    Thia method  appaara to afford aoma 
panarality and has  baan tha focua of our racant  afforta. 

To  implamant thia mathod. aach of tha instrumanta to  ba    aaaminad    was 
glvan    a    numbar.     Than a aaquanca of thaaa numbara waa storad aa tha  pilot 
soannad tha    instrument    panal    togathar    with    tha    dwall    tima    for    aach 
fliation     Vhila  saquanoaa of up to langth 4 wara  considarad in praliminary 
•nalyaaa. tha most  datailad study waa mada on saquanoaa of langth    2.      Tha 
ramalndar    of    tha    discussion    hara    appliaa    to    tha rasults for langth 2 
aaquanoas      Oatails of thamatficdolgy ara givsn alsawhara  (Staphana.  1981). 

It can ba shown that tha obaarvad antropy  for tha instrumant    aoan    is 
ralatad to tha total numbar of fixation saquanoaa   <L.  dafinad with aquation 
7 balow) obsarvsd during a run.    In ordar to    oompara    antropiaa    from    tha 
acans    of    diffarant    pilots    for    different    run lengths, each astimata of 
antropy had to  be  corrected for L and normalised to    its    maximum    possibla 
value.  Hmax.    Hmax may ba  calculated as follows.     In tha most general oaaa. 
M instruments may be arranged in aoma    arbitrary    fashion     on    tha    cockpit 
panel.      For    a    given number of inatrumentr.  M.   and aaquanca length N. the 
maximum number  of  different fixation aaquanca* Is given by: 

N-l 
(•>      Q      •■ M(M-l) m maximum number of  sequences of langth N 

The number of bits required to uniquely encode  all Q poaaibla saquances   is 
logZ    Q.      The    magnitude of thia latter number  also reprasents Hmax of tha 
visual scan for    the    number    of    instruments    an    sequence    length    being 
considered.      For    example, wiih 7 instruments the value of  Q for saquances 
of 2 instruments is 56 which yialda a corresponding  Hmax  ■   5.8. 

The normalised value of H may then be calculated from: 
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MAM 
(7)    Hcorr  - Ho   *  

Log L 
2 

whan 
l m  R-N + l   ■ number of ■•qutno»s in a run 
Ft  ■ number of  fixations in a run 
N   m ■•quonca langth  (N  ■  1.2.3.  or 4) 

Vhila antropy should halp to asplaln tha  ordarlinass  (or lack thareof) 
of    tha    scanning     pattarn.  tha davalopmant prasantad  up to  this point  doaa 
not inoluda tha  fact that tha dwall tima for aach     flsation    is    different. 
From    tha preliminary results on instrument dwells, it appears rather clear 
that dwall times  can be markedly affected during high mental    loading.       In 
order to include the  affect  of time in our measure, a term for antropy rtt+e. 
was defined  as: 

(8) Krate  ■  Ho/t 

where Ho is the  antropy for the system given by 7 and t  = smallest interval 
in which a transition may occur. 

In   practice,  tha  calculation of Hrata was an average    value    given    by 
the following: 

D 
(9) Hrata -^ Hcorr  /DT 

avg    i«l i        t 
where 

Koorr  m  Normalitad  antropy for ith sequence 
i 

DT        ■ Average Dwall tima for ith sequence 
1 

D m^ot different fixation sequences 

It is helpful to estimate tha maaimum value which Hrate might    assume. 
This    may    be     calculated    using    tha    maximum for entropy determined above 
together with dwell time statistics for the various  instrument sequences in 
the    scan.      While    it    is possible for pilots to make rather rapid glances 
(with dwell times of  100 msec or less)  at    their    instruments    (Harris    and 
Christhilf.    19S0)    a    fixation    rate    this high  (10  fixations/sec) rapidly 
leads to  oculomotor fatigue.    A morerealistic average    value    is    probably 
about    2    fixations/sec or less for a long period  of instrument scan (say   > 
10 seo>. 

) 

Using 0.S sec/look (2 fixations/sec)  as the     average    dwell    interval, 
the maximum entropy rate for sequences of length 2 is calculated to be 

Hrata        ■  5.3/0.5   «  2 fixations/seq.   >  6 bits/seo 
■ 

max 

This number represents an upper bound.    Since we    suspect    that    the    pilot 
must    have    some regularity in his or her scan,  the numbers we would* expect 
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c to obtain under   actu»I  flight    conditions    will    probably     be    lower.       The 
observed    average    Hrate    for the current experiments was on the order of 1 
bit/sec.    A tendency to stare under increased load should  be    reflected    by 
decreased    entropy    and    increased    fixation times making Hrate tend toward 
lower values under such conditions.    Figure 4 plots  Hrate    vs    number    Task 
Difficulty for all  pilots except    12 and    6. 

1.2041 o 

1.0(H 

Hrate        . 80+ 
(bits/sec) 

.6(H 

.4 

Hrate -= 0.93 e -TD 

1 -¥■ •+■ -h 

.00 .10 .20 .30 

IMPOSED TASK DIFFICULTY 

.40 .50 

Fijsure 4.    ENTROPY RATE ON LENGTH 2 SEQUENCES 
IMPOSED TASK DIFFICULTY 

vs. 

A trend toward lower entropy rate with higher task  difficulty may be    seen. 
A two-w«y analysis of  variance was performed for  the  entropy rate data from 
nine pilots on levels of task difficulty and    between    sublects.      F   tests 
allowed    relection    of    two null hypotheses:    equality of mean Hrate at all 
loading levels  (p   <  0.01) and equality of mean Hrate between subjects (p    < 
0.01).      All six  combinations of level differences in mean Hrate were found 
to be statistically significant  <T-test p  <  0.03).    Thus Hrate    was   chosen 
to map from scanning behavior into task difficulty (i.e.    workload). 

The model used expresses Hrate as an exponential function of TD. 

( 

(10) Hrate  - 0.9279 EXP(-TD) 

This equation was obtained via a regression analysis based on the data from 
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■•vcn    of    ihm    pilot«    with    a    coefficient of datsrmination.  R-squ«r«d. ■ 
87.3%.    This «quation may b» aolvad for task difficulty withth«    following 
raaulta: 

(11) TD   -   -(0.06  +   In Hrata). 

This «upraaaion can than ba  uaad to pradlot tha    laval    of    TD    for    a    naw 
subiact undor tha conditions of tha aapariaant raportad hara. 

Modal Davalopmant and Varifieation 

Ona of tha aaior goals  of this work was the    davalopmant    of    a    modal 
relating parformanc«. skill,  and mental workload.    Tha ultimata goal is the 
prediction    of    performance    given    estimate*    (or      skill      and      scanning 
parameters.      A    model relating performance, skill,  and mental workload may 
be    postulated    from    the    empirical    relationship    shown    in      figure      1. 
Construction    of    the    modal should, in fact,  aid in determine whether suoh 
empirical expressions are valid.    The model chosen was an «sponential form: 

2 
(12) P  «  P<0>     -  EXP«TD/Skill) ) 
This equation may be rearranged as follows; 

2 
(13) EXP((T0/8kill>  >  -   P(0)      - P 

whioh states that the eaponential term is equal to the    difference    in    te 
performance at the no-loading level P(0)  and the performance at  the present 
lavel of mental loading P.    Using the values for the    level    of    skill    and 
task    difficulty    calculated    in    equations 4 and  11 respeetivcly. the  left 
hand sid« of the equation may be computed.    The    right    hand    side    of    the 
aquation must be expressed in terms of measurable  performance indioatort. 

Eapandinq the right side of  (13) yields 
(14) P(0)     -   P   -   aflfTP(O)     - ^TP)   +   b(RMS/GS(0)      -   RMS/CS) 

♦ c(BMS/LOC(0)     -   FMS/LOC)   *   d(%PVR/CS(0>     -   %PVR/CS> 
* e(%PVR/LOC(0)     -  «PVR/LOO 

A multiple regression analysis was then performed on equation 13 using 
values for each of these measures recorded during the experiments. 

The data from seven pilots was used for model development, while    that 
from    three    other    subjects    was used for model verification.     One pilot's 
performance data was discarded due to equipment malfunction. 

The results of the first attempt    at    regressin    Indicated    that    the 
coefficient    of    the    %PWR/LOC    term    could not  be differentiated from sere 
based on a Student's T-test.    This variable was eliminated from equation 13 
and the analysis was repeated.    This regression yielded non-xero values for 
tha coefficients a through d.  and included a constant term.    The    resulting 
aquation was: 

) 
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2 
(15) EXP((TD/SkiU)   >   -   1.4483   *   O.O351^TP<0)     -#TP) 

♦   0.1763(RMS/CS(0)   -   RMS/GS)-   0.03GG(RMS/LOC(0)   -   RNS/LOC) 
«   0.0377(%PVR/CS(0>     -  %PVR/GS> 

This »n»lyii« had *n R squared value of 76 S percent and an F-ratio of 
12.28 (p < 0.01). The ooefficients determined for IS may now be used in 
equation 3 which become* 

(16) P   -     14483   4-   0,0351^TP)   *   0.176S(RMS/GS) 
-   0.0366(RMS/LOC>   +   0 0377(%PVR/CS>. 

These    coefficients     provide     the    relative    weightings    for    each    of    the 
performance terms but they need to be scaled in order to provide  the proper 
characteristic»  for the  equation.     If  each    of    the    terms    were     at    their 
maximum    value,    that is 100 percent, then the combined performance measure 
should also equal  100  percent.     However,  using    the     coefficient     this    100 
percent,    each    coefficient    must     be multiplied by  100/22.72  *   4.40.     The 
modified performance  equation  becomes: 

(17) P  »   6.3750   +   0.1545^TP)   +   0.7769(RMS/GS)   -   0.1611(RMS/LOC) 
*   0.ie59(*PVR/CS> 

A plot of this fuction versus the  task difficulty,  obtained    from     equation 
11. is provided in Figure S. 
It    was    hoped    that    these    curves    would    resemble    those    given    in    the 
hypothetical plot in  Figure  1  and  for some of the  pilots,   a general overall 
downward trend is present.       Even    though    the    curves    do    not    match    the 
hypothetical    ones    exactly,    there    are some common features between them. 
First of all. the curve  for the lowest skilled pilot    7 is seen to  decrease 
much    more rapidly than the curves forthe more highly skilled  pilots  <    3. 

11;    the two points  for    3  are  for the third and highest levels  of    mental 
loading respectively). 

To  test this model's value  as a  predictive tool,  the  data    from    three 
subleots    not    included    in    the  model determination,  were substituted  into 
equation 17 and  plotted versus perceived task difficulty in Figure  6. 
Pilots    12.    6.     and       16    produce    some    interesting,     if    not     consistent 
results       The three  points of  pilot    12. and pilot    16  are for the  second, 
third,  and highest loading levels.     All three pilots show  a net  decrease in 
performance    between their lowest  and highest  task  difficulties even though 
they Accomplished this  decrease  in very different ways.     Pilot       8    appears 
to     be    the    closest     to    the'   theoretical model with his sharp  decrease in 
performance over a very small task difficulty increase.     Pilot     16.  on    the 
other hand,  appears to  be  decreasing  at an exponentially decreasing rate  as 
opposed    to    the    model    which    predicts reasing    performance       at       an 
exponentially    increasing    rate.       Pilot       12 increases performance sharply 
between his second  and third    runs    and    then    decreases    lust     as    sharply 
between the third and  fourth runs. 

Since        the choice of the exponential model for 
performance/skill/workload    was    arbitrary,    two    other forms for  the model 
were also examined.     These were  circular and linear models and neither    was 
as good at fitting the  data as the exponential and hence were abandoned. 
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TASK DIFFICULTY (FROM EQ 10) 

Figure 5. Combined performance (from model) perceived task 
difficulty for 7 pilots used In model develowent 
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Figure 6.     Combined performance vs.  task difficulty for 3 test 
248 cases of model 
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Th« modcla desoribad her* are still under development end work im in 
progress to repeat the experiments described here end to epply this 
methodology to other instrument  flight soenerios. 

Summery 

This paper  presents some  of  the  findings frm    a    set     of    experiments 
designed to explore the  relationship  between  performance,  skill,  end visual 
scanning behavior    of     aircraft    pilots    under    varying    levels    of    mental 
workload.      Instrument    fixations    were    recorded es a group of pilots with 
widely    varying    levels    of    skill    simultaneously    performed    a      constant 
instrument    flight    task     and    a    verbally    presented    loading    task with 4 
discrete levels.    Initial results indicate a    tendency    of    lesser    skilled 
pilots    to    stare    at the primary instrument as loading is increased end to 
alter the frequency of  usage    of    different    scan    paths.       Skilled    pilots 
demonstrated much less change on  both of these measures. 

k malor    finding    of    the    research    suggests    that    under    relatively 
constant    instrument    flight conditions the entropy rate  of the visual seen 
path may be a useful measure  of the  level of mental workload induced    by    a 
constant    rate    verbal    task.      This    measure of workload was eomblned with 
independent estimates  of performance  on th* piloting  and verbal    tasks    and 
of    pilot skill.    An exponential model relating these factors was developed 
and  has undergone preliminary tests.     The model helps    provide    insight    on 
the intimate connections between a particular workload measure and operetor 
skill and performance strategy. 

Acfcnowedgements:    This work was supported by NASA    Co-operative    Agreements 
NCC  1-23 and NCC 1-56.    The verbal loading task was suggested by N.    Moray. 
The use of entropy as  a measure of  the visual    scan    was    suggested    by    A. 
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i. 
Question a. 

Considerable research along similar lines was done under ONR/NASA 
sponsorship several years ago at STI (e.g. see NASA CR 1569 and ONR 
reports "STI TR 163-1 and 183- ).  Invokes control theory analysis 
to show that scan patterns are not completely random, but have pre- 
dictable (explainable) correlations with controlled element and task 
demands. (Data show similar effects as yours). 

Answer a. 

There certainly are some Interesting parallels between our work and 
earlier studies at STI as In NASA CR 1569.    Both efforts reveal an 
observable change In scanning behavior with varying task difficulty. 
The experimental conditions are somewhat different, however,  In that 
the STI work uses a "critical side tracking track" which requires an 
alteration In the scan.    Our method  (verbal task If varying difficulty) 
does not In Itself require an altered scan path for Its successful 
performance.    As the critical task difficulty Increases the swell 
times become shorter.    For Increased verbal loading In our experiments, 
the dwell times become longer. 

While these two findings are not directly comparable,   they do point 
out the potential utility of Instrument scan in the measurement of 
behavior of pilots and the need for great care In the Interpretation 
of scanning data within the context of a particular experiment. 

Question b. 

(a "nit") Why use the arcane term "entropy" and "<— " rate when the 
current term (circa 1960's and on) Is "transInformation Index" and 
rate (e.g. used by Ames references since 1960's)? 

Answer b. 

The use of the word "information" would be misleading in the context 
of our experiments since we do not currently attempt to quantify the 
amount of information the pilot is obtaining from his displays. 
Rather, we are concerned for the moment only with the orderliness of 
the scan pattern. The method used to quantify the order in the scan 
was the mathematical form of entropy as presented in the original 
works on Information theory (Shannon & Weaver, 1949).  Entropy seems 
a clear enough term; "transInformation" on the other hand suggests a 
broader meaning than we intend in our work reported here. 
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