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ABSTRACT

Investigation of Display Issues Relevant to the
Presentation of Aircraft Fault Information

Donald M. A llen  

Old Dominion U n iv ersity  

D irec to r: Dr. Glynn D. C oates

The p re se n t study  in v e stig a te d  th e  e f fe c ts  o f d if fe re n t d isp la y , 

h y po thesis p re se n ta tio n , in form ation  p re se n ta tio n , and param eter 

p re se n ta tio n  s ty le s  on p i lo t  perform ance. I t  was hypothesized th a t 

perform ance would be maximal u sing  p ic tu re -b ased  d isp la y s , p resen tin g  

h y po thesis in fo rm ation  a s a  ccn p o site , shewing only  o u t-o f-to le ra n c e  

param eter in fo rm ation , and when param eter in form ation  was d isp lay ed  a s  a 

bargraph . The r e s u lts  o f th e  study  in d ic a te d  th a t  p i lo t  perform ance was 

b e s t when em ploying p ic tu re -  and te x t-b a se d  d isp la y s , when f a u lt  

hypotheses were d isp lay ed  a s  com posites. There were no d iffe re n c e s  in  

response tim es when p ic tu re -  and te x t-b a se d  d isp la y s  were compared. 

S u b jec ts ' perform ances were b e s t when hypotheses were d isp lay ed  as 

com posites compared to  when th e  in d iv id u a l hypotheses were d isp layed . 

The d isp la y  o f th e  o u t-o f-to le ra n c e  param eter in fo rm ation  re s u lte d  in  

f a s te r  o v e ra ll p i lo t  perform ances compared to  th e  p re se n ta tio n  o f a l l  

re le v a n t param eter in form ation . There w ere no d iffe re n c e s  in

perform ance when param eter in form ation  was p resen ted  a s  a  bargraph 

compared to  when i t  was p resen ted  a s  a  num erical v a lu e . The fin d in g s 

a re  d iscu ssed  and recommendations fo r  fu tu re  re sea rch  a re  p resen ted .
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Investigation of Display Issues Relevant to the
Presentation of Aircraft Fault Information

Hie ra p id ly  growing a re a  o f  ccqpu ter technology has begun to  

produce an in c re ase  in  th e  number and ty p e  o f com puter autom ations found 

in  p ro cess c o n tro l environm ents ( i . e . ,  m anufacturing, chem ical 

p ro cessin g  p la n ts , e tc ) . These in roads have become conspicuously  

ev id en t in  th e  co ck p its  o f h igh  perform ance m ilita ry  a i r c r a f t  (Adams, 

1987) and to  a  somewhat le s s e r  degree in  th e  co ck p its  o f  commercial a i r  

c a r r ie r s . Evidence o f th i s  in c rease  in  technology in  commer c ia l  

a i r c r a f t  i s  dem onstrated by th e  in c rease  in  th e  number o f a le r tin g  

s ig n a ls , in  th e  form o f w arnings, cau tio n s , and a d v iso rie s  th a t  have 

been in co rp o ra ted  in to  th e  d esigns o f th e  newer a i r c r a f t .  When th e  

Boeing 707 was in troduced  in  th e  la te  1950 's i t  con tained  188 a le r tin g  

s ig n a ls , compared to  th e  Boeing 747, in troduced  in  th e  la te  1960 's, 

co n ta in in g  455 alarm s and to  th e  l a te s t  c la s s  o f  a i r c r a f t  which co n ta in  

over 600 alarm s in  th e  form o f l ig h ts , au d ito ry  s ig n a ls , f la g s , o r  bands 

(V eitengruber, 1977; Hanson, Boucek, Sm ith, Chikos, Hendricikson, 

Howison. & Berson, 1982; Boucek, Hanson, Berson, L e ff le r , & H endrickson, 

1981).

As technology has in creased  th e  a b i l i ty  o f a i r c r a f t  d esig n ers  to  

m onitor v a rio u s a i r c r a f t  system s has become more so p h is tic a te d , and 

a ttem p ts have been made to  convey th i s  in form ation  to  an a lread y  

overloaded p i lo t .  The dilemma faced  by a i r c r a f t  d esig n ers  i s  to  

determ ine from th e  a v a ila b le  in fo rm ation , what i s  necessary  fo r  th e  

p i lo t  to  f ly  th e  a i r c r a f t  sa fe ly  and e f f ic ie n tly  w ithou t overload ing  th e
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p ilo t?  F lig h t co n d itio n s  a lso  p lay  a  ro le  in  th i s  d e term in a tio n . P ilo t 

perform ance d u rin g  norm al a i r c r a f t  o p era tio n  can be inproved w ith  more 

in fo rm ation  s in c e  he has tim e a v a ila b le  to  p ro cess th e  in fo rm ation  and 

to  in te g ra te  i t  in to  h is  f l ig h t  o p era tio n . However, d u ring  abnormal 

co n d itio n s th e  in tro d u c tio n  o f in form ation  may be more harm ful than  

good, in c re a s in g  p i lo t  w orkload and d is tra c tin g  him from th e  sa fe  

o p era tio n  o f  th e  a i r c r a f t .  The ta sk  fo r  th e  system  d esig n er i s  th en  one 

o f p rov id ing  th e  necessary  in fo rm ation  in  a  tim e ly  and com prehensible 

manner w h ile  m ain ta in in g  p i lo t  w orkload w ith in  an  accep tab le  range.

Approaches to  F lig h t Deck Automatical

The to p ic  o f  f l ig h t  deck autom ation and th e  ro le  o f th e  p i lo t  has 

rece iv ed  a  g re a t d e a l o f d iscu ssio n  in  th e  l i te r a tu r e .  There appears to  

be agreem ent among th e  d isc u ssa n ts  th a t  some le v e l o f autom ation would 

improve th e  perform ance o f f l ig h t  crew s and in c re ase  th e  s a fe ty  o f th e  

passengers and crew . However, th e re  has been l i t t l e  agreem ent among 

d isc u ssa n ts  a s  to  th e  a p p ro p ria te  ty p es o f fu n c tio n s to  autom ate. Three 

b a s ic  approaches have su rfaced  addressing  th e  ty p es o f p ilo tin g  

fu n c tio n s th a t  should  be autom ated and th e  ty p e  o f in te ra c tio n s  th a t 

should occur betw een th e  p i lo t  and crew.

On th e  one hand, Rouse and h is  co lleag u es (Chu & Rouse, 1979; 

Rouse, 1981; Rouse, Rouse, & Hammer, 1982; Rouse, Geddes, & C urry, 1987) 

w orking e x te n siv e ly  in  th e  autom ation a re a , have developed a  conceptual 

design  o f a  p ilo t/c re w  su pport system . W ithin th i s  framework, th e  

fundam ental o p e ra tin g  philosophy i s  one in  which a l l  system s a re  in  th e
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manual c o n tro l o f  th e  f l ig h t  crew , w ith  autom ation occu rrin g  when th e  

com puter a n tic ip a te s  unaccep tab le perform ance on th e  p a r t  o f th e  crew o r 

when th e  crew tu rn s  over th e  c o n tro l o f an  o p e ra tio n  to  th e  ocnputer. 

The key theme to  th i s  approach i s  th a t  th e  p i lo t  i s  alw ays " in  charge" 

o f th e  a i r c r a f t  . The p i lo t  has th e  a b i l i ty  to  o v errid e  th e  o p era tio n  

o f th e  ocnputer a t  any tim e , p reserv in g  th e  crews a b i l i ty  to  innervate in  

s itu a tio n s  where th e  ocnputer would be u n fam ilia r.

The su ppo rt system  w ill perform  such fu n c tio n s a s  inform ation  

management, e r ro r  m onitoring, and ad ap tiv e  a id in g  c o n s is te n t w ith  th e  

"autom ation a s  backup" approach. The in form ation  m onitor manages th e  

p re se n ta tio n  o f in form ation  to  th e  crew based on o p era to r w orkload, and 

"need-to-know " p r io r i t ie s .  The e rro r  m onitor a s s is ts  th e  p i lo t  to  

overcome h is  lim ita tio n s  by id e n tify in g  and c o rre c tin g  e r ro rs , such as 

e r ro rs  o f  om ission. F in a lly , ad ap tiv e  a id in g  enhances th e  o p e ra to r 's  

perform ance by u sin g  v a rio u s  eliding techn iques such a s  queuing to  inform  

th e  p i lo t  o f th e  sequence in  which necessary  ta sk s  need to  be com pleted 

(Rouse, e t .  a l ,  1987). The crew and th e  suppo rt system  operate  

se p a ra te ly , re q u irin g  th a t  th e  p i lo t  m onitor th e  com puter and th e  

com puter m onitor th e  p i lo t .  W hile th e  p i lo t  a lre ad y  possesses th e  

a b i l i ty  to  m onitor th e  system , c u rre n t computing technology i s  n o t a t  

th e  le v e l o f so p h is tic a tio n  th a t  would perm it th e  com puter to  m onitor 

a c c u ra te ly  th e  p i lo t .  I t  i s  unknown w hether people fu n c tio n s in  a 

manner th a t  would perm it th e  m athem atical sp e c if ic a tio n  necessary  to  

m onitor th e i r  behavior.
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D ie autom ation approach o f Rouse and co lleag u es d if f e r s  from th e  

r em ainin g  two approaches in  th e  ro le  th a t  autom ation p lay s in  th e  

cxew -caiputer in te ra c tio n . As in d ica te d  p rev io u sly , th e  ro le  o f  th e  

com puter in  R ouse's system  i s  th a t  o f a  support system , a c tin g  on ly  when 

th e  crew i s  n o t a b le  to  fu n c tio n  norm ally. D ie ro le  o f  th e  compu te r  in  

th e  rem aining two approaches i s  th a t  o f a  th i r d  crew memb e r (in  

commercial tw o- p i lo t  a irc r a f t)  o r  an e le c tro n ic  crew member [ in  f ig h te r  

a i r c r a f t  (Moss & R eising , 1985) ] th a t  has i t s  own s e t  o f 

re s p o n s ib ilitie s  and fu n ctio n s independent o f th e  crew . D ie e x tra  

autom ated crew member i s  in tended  to  reduce th e  w orkload o f th e  p i lo t  by 

autom ating seme o f th e  re s p o n s ib ilitie s  o f th e  p i lo t  in  c u rre n t 

a i r c r a f t .

D ie second and th ir d  approaches to  f l ig h t  deck autom ation have 

th e i r  o rig in s  in  Rasmussens (1983) th re e  th e o re tic a l phases o f human 

behav ior: s k ill-b a s e d , ru le -b ased , and kncw ledge-based. B rie fly ,

sk ill-b a s e d  behavior i s  c h a ra c te rized  a s  th e  reco g n itio n  o f a  problem 

follow ed by lim ite d  d a ta  c o lle c tio n , and an immediate conclusion  o f  th e  

ap p ro p ria te  r ig h tin g  a c tio n  necessary  to  c o rre c t fo r  an abnormal 

co n d itio n . R ule-based behavior demands g re a te r  co g n itio n  on th e  p a r t o f 

th e  system  o p era to r, who must apply  a  s e t  o f learn ed  ru le s  to  d e te rmine 

th e  ap p ro p ria te  c o rre c tiv e  a c tio n . Knowledge-based behav io r i s  

necessary  under co n d itio n s where th e  o p era to r i s  faced  w ith  u n fam ilia r 

s itu a tio n s , where com piled ru le s  do n o t d ire c tly  app ly , and th e  o p era to r 

m ust form ulate hypotheses based on h is  fundam ental knowledge o f th e  

system  in  o rd er to  diagnose th e  system  abnorm ality  su c c e ss fu lly . Die
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th re e  ty p es o f behav ior involve a  cannon sequence o f  ev en ts: abnorm ality  

-  d iag n o sis  -  a c tio n . The d iffe re n c e s  between them invo lve th e  le v e l o f 

d ia g n o stic  s o p h is tic a tio n  in co rpo ra ted  in  th e  d ia g n o stic  (cogn itive) 

s te p  o f th e  p ro cess. H erein l i e s  th e  d iffe re n c e  between th e  second and 

th i r d  approaches to  autom ation.

Seme re se a rc h e rs  recommend th a t  circum stances in  which response 

tim e requirem ents a re  n ea r o r  beyond human c a p a b ilitie s  a re  th e  most 

ap p ro p ria te  s itu a tio n s  fo r  autom ation (W einer, 1984; H art & Sheridan, 

1987). They fu r th e r  suggest th a t  s in c e  c u rre n t technology i s  n o t ab le  

to  su p p o rt ru le -b ased  o r  knowledge-based behav ior, th e n  on ly  th o se  

s itu a tio n s  th a t  re q u ire  sk ill-b a s e d  behavior should be considered  fo r  

autom ation. H art & Sheridan (1987) argue th a t  th e  crew should be 

assigned  ta sk s  re q u irin g  in d u c tiv e  reason ing , so lv in g  unique o r  novel 

problem s, o r  le a rn in g  from experience s in c e  th e  crew m ight be b e t te r  a t  

d e te c tin g  s u b tle  p a tte rn s  in  n o isy  environm ent o r  re o o g n iz in g /in te rp re t- 

in g /p ro cessin g  u n p red ic tab le  o r  unexpected ev en ts. T h is p o s itio n  

c h a ra c te riz e s  th e  second approach to  autom atical — th e  crew i s  

re sp o n sib le  fo r  ta sk s  req u irin g  ru le -b ased  and knowledge-based behav io r, 

w hile th e  system  a s s is ts  in  th e  perform ance o f s k il l - le v e l  ta sk s  where 

th e  response tim es o f th e  p i lo t  a re  to o  slew .

The th ir d  approach to  autom ation, w hile based on Rasm ussen's 

behav io r taxonomy, ta k es  an o pposite  view  o f th e  s itu a tio n s  th a t  a re  

m ost ap p ro p ria te  fo r  autom ation. S upporters o f th i s  p o s itio n  ho ld  th a t  

c u rre n t technology i s  a t  a  le v e l th a t  can support knowledge-based
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reaso n in g  and th a t  s itu a tio n s  re q u irin g  th i s  ty p e  o f response a re  

ap p ro p ria te  fo r  autom ation (Moss, Raising-, & Hudson, 1984; Moss & 

R aisin g , 1985). Moss and R aising  (1985) argue th a t  p i lo ts  a re  much more 

l ik e ly  to  t r u s t  adv ice from a  system  th a t  perform s an o p e ra tio n  b e t te r  

th e n  th e y  can . S ince s k ill-b a s e d  and, to  seme e x te n t, ru le -b ased  

b ehav io rs a re  by n a tu re  e a s ie r  fo r  th e  p i lo t  to  perform , i t  i s  argued 

th a t  an autom ated system  would be more accep tab le  i f  i t  addressed 

kncw ledge-based a c t iv i t ie s  s in c e  th e se  a re  su b je c t to  more u n c e rta in ty  

cxi th e  p a r t  o f th e  p i lo t .

There i s  some s c ie n t if ic  evidence th a t  p i lo t  perform ance i s  

d if f e r e n tia l ly  e ffe c te d  by environm ental co n d itio n s . Such re sea rch  

p ro v id es evidence th a t  sup p o rts th e  autom ation o f  h ig h e r le v e l co g n itiv e  

ta s k s . Schudy, C orker, and Baron (1987) have observed th a t  p i lo ts 7 deep 

reaso n in g  (o r know ledge-based reasoning) in  dangerous s itu a tio n s  

( s tr e s s , h igh  p i lo t  w orkload), g iven re a l-tim e  requ irem en ts, o fte n  le d  

to  erroneous s h o rt-c u ts  in  problem  a n a ly s is  and u ltim a te ly  in  in c o rre c t 

p i lo t  response. The environm ent in  commercial a i r l in e  c o ck p its  du ring  

ta k e o ff  and land ing  h as been d escrib ed  as being  h ig h ly  s tr e s s f u l  and 

having w orkload co n d itio n s  w ith  re a l-tim e  requirem ents where a b e rra n t 

problem  so lv in g  has th e  m ost p o te n tia l fo r  c a ta s tro p h e . In  a  stu d y  o f 

p i lo t  o p e ra tio n  under s tr e s s fu l co n d itio n s, where p i lo ts  w ere asked to  

a ttem p t to  d iagnose engine d i f f ic u l t i e s  w hile f ly in g  on a u to p ilo t (a lso  

fa u lty ) , Rockw ell, G iff in , & Rcmer (1983) found th a t  p i lo ts  became so 

engrossed in  th e i r  a ttem p ts a t  d iag n o sis th ey  p a id  no a tte n tio n  to  th e ir  

f l ig h t  p o s itio n . T h is behav io r re s u lte d  in  th e  m a jo rity  o f  th e  p ilo ts
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v io la tin g  th e i r  a l t i tu d e  c lea ran ce . P ilo ts  sp en t fra n  4 to  10 m inutes 

g a th e rin g  d ia g n o stic  in form ation  to  th e  ex clu sio n  o f o th e r p ilo tin g  

re s p o n s ib ilitie s , re s u ltin g  in  th e  unsafe o p era tio n  o f th e  a i r c r a f t .  

Both s tu d ie s  involved th e  deg radation  o f  p i lo t  perform ance in  s itu a tio n s  

producing in c re a se s  in  p i lo t  w orkload th a t  i s  a sso c ia te d  w ith  kncw ledge- 

based reason ing .

I t  i s  im portan t to  be cognizan t o f  th e  p o s s ib il i ty  th a t  th e  

in tro d u c tio n  o f autom ation in  th e  co ck p it w ill  n o t re so lv e  p ilo tin g  

problem s. As in d ic a te d  in  th e  study  d iscu ssed  above, i t  was a  fa u lty  

a u to p ilo t p a ire d  w ith  th e  fa u lty  engine th a t  le d  to  th e  p o te n tia lly  

hazardous co n d itio n s . In  a  study  in v e s tig a tin g  th e  e ffe c tiv e n e ss  o f a 

new a u to p ilo t system  re sea rch e rs  found th a t  numerous p i lo t  e r ro rs  could 

be a ttr ib u te d  to  th e  a u to p ilo t and more d ir e c tly  to  th e  in te rfa c e  

between th e  p i lo t  and th e  a u to p ilo t (Bergeron, 1981). In  a  fo llcw -up 

study  p i lo t  e r ro rs  decreased  when adequate e f f o r t  was ex tended to  

improve th e  p ilo t-ccm p u te r in te rfa c e  (Bergeron & H inton, 1983).

Ih e  r e s u lts  o f B ergeron 's i n i t i a l  study  a re  n o t su rp ris in g . I t  has 

become alm ost commonplace to  encounter com puter system s th a t  go unused 

o r  a re  im properly used because o f a  poor in te rfa c e  between th e  u se r and 

th e  system . T his problem  becomes more c r i t i c a l  a s  th e  n a tu re  o f th e  

in te ra c tio n  between human and com puter changes from th a t o f human as 

o p era to r to  th a t  o f a  human a s  m onitor. T his n e c e ssa rily  in c re a se s  th e  

im portance o f th e  hum an-ccnputer in te rfa c e  a s  th e  so le  source o f  system  

in fo rm ation  a v a ila b le  to  th e  u se r ( Ib e r ts , Nof, Z inolong, & Salvendy,
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1984). T his problem  m an ifests i t s e l f  in  th e  iap lem entation  o f ex p ert 

system s where th e  o p e ra to r 's  in te ra c tio n  w ith  th e  system  i s  most 

freq u en t in  tim e -c r itic a l s itu a tio n s  where system  o p era tio n  i s  abnorm al. 

The poor p re se n ta tio n  o f inform ation a t  th i s  tim e can p araly ze  

o p e ra to rs , p rev en tin g  them from recogn izing  re la tio n sh ip s  among 

param eters, recogn izing  tre n d s , o r  seeing  o v e ra ll system  fu n c tio n a lity  

(K lein  & Calderwood, 1986), and sev ere ly  r e s tr ic tin g  th e i r  a b i l i ty  to  

re tu rn  th e  system  to  normal o p era tio n .

F a u ltfin d e r

The p re se n t in v e s tig a tio n  w ill attem pt to  id e n tify  and to  optim ize 

d isp la y  param eters which in flu en ce  th e  e ffe c tiv e  d isp la y  o f 

in form ation  in  a  p rocess co n tro l environm ent (p ilo tin g  commercial 

a i r c r a f t ) . S p e c ific a lly , th e  in v e s tig a tio n  w ill be concerned w ith  th e  

d isp la y  o f f a u lt  d ia g n o stic  in form ation  generated  by F a u ltf in d e r, an 

ex p e rt system  under development a t  th e  NASA-Iangley R esearch C enter 

(A bbott, S ch u tte , Palm er, & R icks, 1987). F a u ltfin d e r has been designed 

to  diagnose engine fa u lts  fo r  tw in tu rb o fan  p ropu lsion  engines o f 

tra n s p o rt a i r c r a f t .  F a u ltfin d e r w ill o p era te  in  th e  a irp la n e  co ck p it o f 

th e  fu tu re  th a t  w ill in co rp o ra te  f iv e  h igh  re so lu tio n  c o lo r cathode ray  

tu b es (CRT), (see F igure 1) w ith  p o rtio n s o f d isp la y s  ded icated  to  th e  

p re se n ta tio n  o f engine, system s, and w arning inform ation (see Sexton, 

1983, fo r  more d e ta i ls ) .

F a u ltfin d e r w ill o p erate  a s  an independent system , fo llow ing th e  

th ir d  approach to  autom ation, where th e  system  w ill recogn ize, and
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id e n tify  engine f a u lts  independent o f any in te ra c tio n  w ith  th e  crew. 

Hie system  g a th e rs  th e  req u ired  in form ation  from onboard sen so rs, 

p ro cesses th e  in fo rm ation , id e n tif ie s  th e  f a u lt ,  and p re se n ts  th e  f a u lt  

in form ation  to  th e  crew . The in te ra c tio n  between o p era to r and ocnputer 

d if f e r s  co n sid erab ly  from th a t  found in  p rev ious e x p e rt system s such as  

MYCIN (S h o r tlif fe , 1976) and CENTRAL (Buchanan & Feigenbaum, 1978) th a t  

m ust query th e  u se r fo r  in form ation  in  o rd er to  perform  any ccn p u ta tian . 

F a u ltfin d e r i s  unique to  co ck p it autom ation in  th a t  i t  perform s a  ta sk  

(d iagnosis) p i lo ts  very  perform  in fre q u e n tly  and fo r  which th ey  rece iv e  

l i t t l e  tr a in in g . R ather th an  lim it th e  f a u lt  d ia g n o stic  ta s k  to  a  

inadequate ly  p repared  crew and to  in c re ase  f l ig h t  s a fe ty , th i s  ta s k  can 

be autom ated and removed from th e  p i lo ts  l i s t  o f req u ire d  ta sk s  during  

c r i t i c a l  phases o f f l ig h t .

In s e r t F igure 1 about h ere

F a u ltf in d e r7s  reason ing  i s  perform ed usin g  a  tw o-stage p ro cess. 

D uring S tage 1 th e  system  attem p ts to  id e n tify  e ig h t kncwn engine f a u lts  

(fo re ig n  o b je c t in g e stio n , com pressor s t a l l ,  tu rb an  b lad e  sep a ra tio n , 

ic in g , flam eout, a n ti-su rg e  b leed  v alv e  le ak , fu e l le ak , bad fu e l 

c o n tro l, fu e l system  fa ilu r e , and b leed  a i r  leak) u sin g  tr a d itio n a l 

ex p ert system  approaches, and a ttem pting  id e n tif ic a tio n  o f th e  most 

freq u en tly  o ccu rrin g  f a u lts  f i r s t  (A bbott, e t  a l ,  1987). I f  th e  engine 

param eters do n o t correspond to  one o f th e  e ig h t kncwn f a u lts  th en  Stage 

2 p ro cessin g  b eg in s. S tage 2 reason ing  i s  based on knowledge about th e
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F igure 1. F uture T ransport C ockpit D isplay Layout
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q u a lita tiv e  models o f  bo th  th e  p h y sica l and s tru c tu ra l ccnpcnents o f  th e  

eng ine. F a u lt id e n tity  hypotheses a re  genera ted  by th e  system  based on 

c u rre n t param eter v a lu es, and subsequent changes in  engine param eters 

a re  vised to  e lim in a te  hypotheses.

W ithin F a u ltf in d e r, f a u lts  a re  c la s s if ie d  in to  le v e ls  o f 

a b s tra c tio n . S tage 1 f a u lts  a re  th e  m ost s p e c if ic , d e sc rib in g  a  

p a r tic u la r  mal s tru c tu re  o r m alfunction , w hile S tage 2 reaso n in g , le s s  

s p e c if ic , id e n tif ie s  hypotheses co n ta in in g  f a u l t  source components, 

system  s ta tu s  (a ffe c te d  com ponent), and f a u l t  p ropagation  p a th  (A bbott, 

e t  a l ,  1987). The in form ation  genera ted  by th e  two s ta g e s  i s  q u ite  

d if f e re n t, w ith  S tage 1 in form ation  being  v ery  f a u l t  s p e c if ic  and S tage 

2 in fo rm ation  being  le s s  s p e c if ic . Thus, any d isp la y  approach in tended  

to  re p re se n t th i s  in form ation  m ust be a b le  to  add ress bo th  ty p e s  o f 

in fo rm ation  p re se n ta tio n .

F a u ltfin d e r c u rre n tly  addresses f a u lts  th a t  occur in  th e  engine, 

however, in  i t s  f in a l form i t  w ill address a l l  a i r c r a f t  subsystem s. The 

c u rre n t in v e s tig a tio n  included  th e  u se  o f fo u r o f th e  a i r c r a f t 's  

subsystem s (engine, fu e l, h y d rau lic , and o i l ) .

Experim ental Issu e s

F ive d isp la y  re la te d  is su e s  have been id e n tif ie d  th a t  a re  

considered  re le v a n t to  th e  im plem entation o f th e  F a u ltfin d e r system , a s  

w ell a s  to  o th e r p rocess c o n tro l system  in te rfa c e s . These is su e s  a re :

1) th e  u se  o f c o lo r in  th e  in te rfa c e , 2) w hether th e  in te r fa c e  should  be
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p ic tu re - , sym bol-, o r te x t-b a se d , 3) w hether th e  p re se n ta tio n  should 

in c lu d e f a u l t  hypo thesis in form ation  fo r  th e  crew, 4) w hether param eters 

a re  b e t te r  p resen ted  a s  bangraphs o r  numbers, and 5) w hether th e  

p re s e n ta tio n  o f "su rp lu s" inform ation  w ill improve o r h in d er 

perform ance.

O olor. D ie questio n  o f w hether o r  n o t to  in c lu d e c o lo r in  CRT 

d isp la y s  a s  i t  r e la te s  to  u se r perform ance has generated  a  g re a t d ea l o f 

re sea rch  in te r e s t ;  seme re s u lts  have been su ppo rtive  o f i t s  use and 

o th e rs  have n o t. Oolor i s  c e r ta in  to  fin d  i t s  way in  fu tu re  co ck p it 

designs s in c e  i t  i s  used in  p re se n t day commercial a i r c r a f t  (L1011, 

B767). D ie q u estio n  o f w hether to  use o o lo r o r n o t has changed to  one 

o f when i s  i t  ap p ro p ria te  to  use c o lo r and when i t  i s  no t?  K rebs, w olf, 

and Sandvig (1978) have id e n tif ie d  fiv e  s itu a tio n a l c h a ra c te r is tic s  

th a t, when p re se n t, re q u ire  c o lo r d isp la y s  to  a id  o p e ra to r p e rfo rmance. 

D iese w ere developed as  g u id e lin e s  and a re  n o t based on research  d a ta . 

Krebs e t .  a l .  b e lie v e  th a t  co lo r should be inco rpo ra ted  in  a  d isp la y  

when:

1) th e  d isp la y  i s  unform atted,

2) inform ation  p re se n ta tio n  i s  very  dense,

3) ta s k  requirem ents inc lude search ing  fo r  in form ation ,

4) th e re  i s  degraded d isp la y  le g ib i l i ty ,  o r

5) th e re  e x is ts  a  lo g ic a l re la tio n s h ip  between th e  ta sk s  and 
c e r ta in  c o lo rs .

Many au th o rs and resea rch e rs  have supported th e  use o f co lo rs
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g iv in g  ju s t i f ic a t io n s  fo r  i t s  u se such a s  d ecreasin g  vrorkload/scan 

(Hussey, 1980), im proving th e  in te g ra tio n  o f m u ltip le  e le c tro -o p tic a l 

d isp la y s  in to  a  s in g le  CRT d isp la y  (R eising & Calhoun, 1982; Kopala, 

1979), im proving perform ance th e n  working under tim e r e s tr a in ts  

(B en b u sat, D exter, & Todd, 1986), and in c re a s in g  inform ation  

d if f e re n tia tio n  (Jau er & Quinn, 1982). However, th e re  has been sane 

re sea rch  th a t  has f a ile d  to  fin d  a  d iffe re n c e  between o p e ra to r 

perform ance u sin g  a  c o lo r d isp la y s  compared to  b lack  and w hite d isp la y s  

(C h ris t, 1977, K ellogg, Kennedy, & W oodruff, 1981; Way, Hornsby, G ilm er, 

Edwards, & Hobbs, 1983; T u llis , 1981; R eising  & A rtez , 1983). When 

th e i r  p referen ce  fo r  co lo red  v ersu s b lack  and w hite d isp la y s , 

su b je c ts  overwhelm ingly p re fe rre d  th e  c o lo r d isp la y s  (T u llis , 1981; 

R eising  & A rtez , 1983, Way e t .  a l . , 1983). Given th e  la c k  o f ev idence 

dem onstrating  overwhelming perform ance d iffe re n c e s  in  c o lo r v ersu s b lack  

and w hite d isp la y , th e  su b jec tiv e  p re fe ren ce  fo r  c o lo r, and evidence 

in d ic a tin g  th a t  h igh  workload and instrum ent in te g ra tio n  ta sk s  b e n e fit 

from c o lo r, i t  i s  expected th a t th e  a i r l in e  in d u stry  w ill  s e le c t c o lo r 

CRT's over b lack  and w hite fo r  n ex t g en era tio n  commercial a i r c r a f t .

The v is u a l search  requirem ent and th e  p o te n tia l fo r  a  h igh  degree 

o f in form ation  d e n s ity  in  th e  p re se n t study  a lso  w arran ts th e  u se  o f a 

c o lo r system . The ta sk  o f a  crew u sin g  F a u ltfin d e r in  i t s  c u rre n t form 

i s  to  determ ine th e  subsystem  (s) involved in  th e  abnormal co n d itio n  

id e n tif ie d  by th e  system . T his invo lves search ing  through th e  d isp la y  

and lo c a tin g  th e  subsystem  and components th a t  a re  o u t o f to le ra n c e  in  

an environm ent. Depending on th e  fin d in g s o f th i s  stu d y  th is  d isp la y
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environm ent could  have a  h igh  degree o f in form ation  d e n s ity  (m u ltip le  

hypotheses p re se n ta tio n  w ith  su rp lu s in fo rm atio n ). Given th i s ,  th e  

p re se n t re sea rch  w ill  co n cen tra te  on th e  use o f  o o lo r in  co ck p it CRT 

d isp la y s  w ithou t ca rp a rin g  i t  to  b lack  and w hite d isp la y s .

D isplay S ty le . The in t r oduc tio n  o f CRT's in to  th e  co ck p it has 

opened a  new avenue o f in form ation  d isp la y  in  th a t  environm ent. I n i t i a l  

a p p lic a tio n s  o f  CRT d isp la y  technology p rim a rily  involved th e  

d ig itiz a tio n  o f conven tional op tical-m echan ical d isp la y s  and d id  n o t 

a ttem p t to  u t i l i z e  th e  f le x ib i l i ty  a ffo rd ed  try th e  new technology (Way 

e t .  a l . , 1983). More re c e n t re sea rch e rs  have attem pted  to  in co rp o ra te  

seme o f th e  f le x ib i l i ty  o f th e  CRT in to  th e  d isp la y  o f in fo rm ation . 

T his re sea rch  has cen te red  around th e  use o f te x t  (in fo rm ation  d isp layed  

in  alphanum eric form) and g rap h ics (inform ation  p re se n t in  a  symbol o r 

p ic tu re  form) in  th e  d isp la y  o f a i r c r a f t  in fo rm ation . Scene re sea rch e rs  

support th e  u se  o f te x t-b a se d  d isp la y s , advocating  th e  use o f 

m u lti-pag ing  fu n c tio n s (p resen ta tio n  o f in fo rm ation  on d if fe re n t 

d isp la y s  w ith  c o n tro ls  to  page forw ard o r backwards through them) to  

d isp la y  in form ation  th a t  cannot be d isp layed  in  a  s in g le  alphanum eric 

d isp la y  (Graham & Brocmhead, 1975; Schneider & Evevoldson, 1984). In  an 

in v e s tig a tio n  o f th e  u se  o f g raph ics (sym bol/p icture) and te x tu a l 

d isp la y s  in  m onitoring  f le x ib le  m anufacturing system s where su b je c ts  had 

to  id e n tify  and c o rre c t system  f a u lts , S h a rit (1985) found th a t  su b je c ts  

perform ed b e t te r  when g iven  inform ation  d isp lay ed  te x tu a l ly  th an  when 

th e  in form ation  was d isp lay ed  g ra p h ic a lly  o r when te x t  and g rap h ics were 

combined. S tem  (1984) found s im ila r  r e s u lts  when he p resen ted  su b je c ts
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w ith  p ro ced u ra l in s tru c tio n s  in  th e  farm  o f te x t ,  v o ice , o r  g rap h ics 

d isp la y s . R e su lts  in d ic a te d  th a t  g rap h ics a lone was n o t a s  e f fe c tiv e  

form o f  cctnnum cation a s  te x t .

R ecen tly , th e  r e s u lts  o f seme in v e s tig a tio n s  supported  th e  u se  o f 

symbol and g rap h ic  based d isp la y s  to  p re se n t in fo rm ation . Dickson, 

D esan tis, and McBride (1986) found th a t  when a ttem p tin g  to  id e n tify  

m arket tre n d s , s u b je c t 's  perform ances were b e t te r  when th e  in form ation  

was p resen te d  in  a  b a r graph a s  opposed to  a  ta b le -b a se d  p re se n ta tio n . 

In  a  stu d y  on d isp la y  in te rp re ta tio n  comparing sym bolic and te x t-b a se d  

d isp la y s , T u llis  (1981) found th a t  su b je c ts  were a b le  to  respond f a s te r  

w ith  th e  same le v e l o f accuracy w ith  th e  sym bol-based d isp la y s  th an  w ith  

th e  te x t-b a se d  d isp la y s . Speed and accuracy a re , o f cou rse , bo th  

im portan t a sp e c ts  o f th e  sa fe  p ilo tin g  o f a i r c r a f t .

More so p h is tic a te d  a ttem p ts to  p re se n t in form ation  in to  p ic tu re -  

based d isp la y s  have been perform ed in  th e  f l ig h t  deck environm ent o f 

ccnbat a i r c r a f t  (Jau er & Quinn, 1982; Way, e t .  a l . ,  1984; Summers & 

E rickson , 1984; Robinson & E b erts , 1987). The re sea rch  o f Ja u e r and 

Quinn (1982) and Way e t .  a l .  (1984) has focused on an  e f f o r t  to  d isp la y  

p ic to r ia l ly  a l l  f ig h te r  a i r c r a f t  subsystem  s ta tu s e s  ( i . e . ,  engine, 

h y d rau lic  system , e le c tr ic a l  system s, fu e l system s, and weapons system) 

w ith  a  r e s tr ic te d  u se  o f alphanum erics. T his e f f o r t  has concen tra ted  on 

fo rm attin g  is s u e s  a s  w ell a s  p i lo t  u s a b ility  and acceptance o f 

p ic tu re -b a se d  in fo rm ation  p re se n ta tio n . Summers and E rickson (1984) 

took  a  somewhat d if f e r e n t approach to  th e  u se  o f p ic to r ia l  in fo rm ation .
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D ie prim ary system  d isp la y  in  th i s  d isp la y  h ie ra rch y  was te x t-b a se d . To 

tra v e rs e  th rough th e  s e t  o f d isp la y s  a  p i lo t  could  u se  a  page advance o r 

page back con t r o l. The subsystem  d isp la y s  ccnbined g raph ics 

(sym bo ls/p ictu res) and alphanum erics, s in c e  th e  r e s u lts  o f p rev ious 

re se a rc h  had dem onstrated th a t  g rap h ic  re p re se n ta tio n  o f system  

fu n c tio n a l/sy stem  re la tio n s h ip s  req u ire  * few er co g n itiv e  s te p s  to  

in te rp r e t. On th e  o th e r hand, h ig h er o rd e r and a b s tra c t concepts have 

no g rap h ic a l correspondence and a re  th e re fo re  b e s t rep resen ted  

alphanum erically .

H ypothesis P re sen ta tio n  S ty le . F a u ltfin d e r i s  unique to  o th e r 

e x p e rt system s in v o lv in g  human occpu ter in te ra c tio n  in  th a t  i t  o p era tes 

in  a  re a l- tim e , continuous p ro cess environm ent and fu n c tio n s independent 

o f th e  o p e ra to r. When th e  system  id e n tif ie s  "o u t-o f-to le ra n c e "  system  

param eters i t  g en e ra te s  a number o f hypotheses th a t  correspond to  th e  

c u rre n tly  a v a ila b le  in fo rm ation . The system  th en  proceeds to  e lim in a te  

hypotheses whose c h a ra c te r is tic s  f a i l  to  correspond to  new in p u t 

in fo rm ation  ob ta ined  by th e  system . The in fo rm ation  g a th e rin g  p rocess 

co n tin u es u n t i l  a  s in g le  hypo thesis rem ains o r no fu r th e r  inform ation  

becomes a v a ila b le  to  e lim in a te  fu r th e r  th e  rem aining hypotheses. 

F a u ltf in d e r , g iven  th i s  p rocess o f problem  so lv in g , could  in te ra c t w ith  

th e  crew in  th re e  d if fe re n t s ty le s . F ir s tly , i t  could  o p e ra te  w ithou t 

th e  crew knowing th a t  anyth ing  i s  wrong w ith  th e  a i r c r a f t  (no t inform ing 

th e  crew when a f a u l t  i s  f i r s t  d etected ) inform ing th e  crew only a f te r  

i t  h as id e n tif ie d  th e  f a u lt . Secondly, F a u ltfin d e r could  inform  th e  

p i lo t  o f an abnormal co n d itio n  when i t  f i r s t  recogn izes th a t  th e
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a i r c r a f t  was n o t o p era tin g  norm ally. F in a lly , F au ltfin d er  could  a l e r t  

th e  crew a t  any p o in t between th e  d iscovery  and id e n tif ic a tio n  o f  th e  

f a u lt .  Working under th e  assum ption th a t  th e  p i lo t  should  be inform ed 

o f a  f a u lt  when i t  has been d e tec ted  th e  q u estio n  becomes in  w hat form 

should th e  in form ation  be p resen ted  to  th e  p ilo t?  F a u ltfin d e r g en era tes 

hypotheses about th e  system  f a u lt  based on th e  in form ation  a v a ila b le  to  

i t  a t  th a t  tim e. T herefore, a  m u ltip le  hypotheses p re se n ta tio n  i s  one 

form th a t  th e  inform ation  p resen ted  to  th e  p i lo t  can ta k e . The s e t  o f 

p o te n tia l f a u lts  th a t  th e  system  has genera ted  can be p resen ted  to  th e  

p i lo t  in  a  s in g le  d isp la y  o f m u ltip le  hypotheses. I t  i s  lo g ic a l to  

asgm ft th a t  when th e  d ia g n o stic  system  g en era tes a  s e t  o f f a u lt  

hypotheses about th e  c u rre n t s ta te  o f  th e  o p era tin g  system  th o se  

hypotheses would be re la te d . That i s ,  th ey  would d ea l w ith  th e  same 

subsystem , e .g . e i th e r  th e  h y d rau lic  system  o r th e  fu e l system . 

T herefore, a  second method o f p resen tin g  th e  inform ation  to  th e  p i lo t  i s  

to  develop a  com posite hypo thesis based on th e  s im ila r i t ie s  o f th e  s e t  

o f a c tiv e  hypotheses. In  th i s  method, th e  p i lo t  would be p resen ted  a 

d isp la y  w ith  a  s in g le , com posite h y p o th esis, r a th e r  th an  a  d isp la y  w ith  

m u ltip le  s in g le  hypotheses. Examples o f th e se  two ty p es o f  d isp la y s  a re  

p resen ted  in  Appendix A.

The two ty p es o f d isp la y s  w ill n e c e ssa rily  d i f f e r  in  th e  

in form ation  contained  in  them. The in d iv id u a l hypotheses th a t  make up 

th e  m u ltip le  hypotheses d isp la y  would co n ta in  in d iv id u a l component f a u lt  

in form ation  s in ce  th ey  d esc rib e  a s p e c if ic  p o te n tia l system  f a u lt . 

U sing th e  a i r c r a f t 's  o i l  system  a s  a  an example, i f  a  f a u lt  occurs in
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th i s  system  and i s  det ec ted  by F a u ltfin d e r a  s e t  o f hypotheses i s  

g enera ted . Each o f th e  hypotheses contained  in  th e  m u ltip le  hypo thesis 

d isp la y  would co n ta in  in form ation  about a  subsystem  ccnpcnerrt 

re sp o n sib le  fo r  th e  c u rre n t s ta te  o f th e  system . When a  ccn p o site  

hy po thesis i s  d isp lay ed , i t  w ill  n o t co n ta in  th e  in d iv id u al ccnponent 

in fo rm ation , b u t w ill in s te a d  co n ta in  a  re p re se n ta tio n  o f th e  abnorm ally 

fu n ctio n in g  subsystem . When F a u ltfin d e r d e te c ts  a  f a u lt  and then  

g en era tes a  s e t  o f f a u lt  hypotheses based on th e  c u rre n t s ta te  o f th e  

system , th e  ccn p o site  hypo thesis would d isp la y  th e  subsystem  suspected  

o f o p e ra tin g  abnorm ally (o il , h y d rau lic , e le c tr ic a l ,  e tc .)  based on th e  

s im ila r i t ie s  among th e  c u rre n t s e t  o f individual, hypotheses. For 

exam ple, in  th e  case  o f th e  o i l  subsystem , seme in d ic a tio n  would be made 

to  th e  p i lo t  th a t  th e re  i s  som ething wrong w ith  th e  a i r c r a f t 's  o i l  

subsystem  g iv in g  no re fe ren c e  to  p o te n tia lly  re sp o n sib le  subsystem  

components (o il  pump, lin e s , v a lv es, e t c .) .

Comparing p ilo ts  perform ance under th e  two d isp la y  co n d itio n s w ill 

determ ine i f  p i lo ts  a re  b e t te r  a b le  to  id e n tify  c u rre n t and fu tu re  

system  s ta tu s  when g iven  in fo rm ation  concerning every  p o te n tia l f a u lt  o r 

when on ly  g iven  n o n sp ec ific  in form ation  concerning th e  a ffe c te d  system . 

The r e s u lts  o f some resea rch  suggests th a t  th e  use o f m u ltip le  d isp la y s  

to  convey re la te d  system  in form ation  r e s u lts  in  an abnormal demand on 

th e  o p e ra to rs  sh o rt-te rm  memory ( e .g . , Goodsmith, 1981).

Param eter P re sen ta tio n  S ty le . The in tro d u c tio n  o f CRT d isp la y s  

e lim in ated  th e  need fo r  conventional d ia ls  and gauges th a t  re s u lte d  in
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th e  u se  e le c tro -o p tic a l and analog  d isp la y s . New in fo rm ation  d isp la y  

tech n o lo g ies have been produced th a t  can d isp la y  in fo rm ation  in  new 

inno v ativ e  ways, such a s  bargraphs and s ta r s ,  fo r  m onitoring  p rocess 

system  s ta tu s  (P e te rsen , Banks, & Gertman, 1981). T his d isp la y  

technology was based on th e  com bination o f q u a lita tiv e  and q u a n tita tiv e  

in fo rm ation  because o f  th e  m echanical o p e ra tio n  o f th e  d ev ices . CRT 

based d a ta  tran sm issio n  fa c e s  few er r e s tr ic t io n s  and so  i s  more f le x ib le  

th an  p rev io u s technology . The problem  faced  by d esig n ers  a ttem p tin g  to  

u t i l i z e  th i s  new technology i s  what ro le  w ill p rev io u s technology (in  

th i s  case  q u a n tita tiv e  inform ation) p la y  in  th e  desig n  o f  new co ck p it 

d isp la y s . The p re se n t stu d y  w ill a tte n p t to  determ ine i f  th e  in c lu s io n  

o f q u a n tita tiv e  in fo rm ation  in  a  q u a lita tiv e  d isp la y  im proves o r  h arp ers 

perform ance.

There i s  seme disagreem ent in  th e  co ck p it d isp la y  f ie ld  o f th e  ro le  

o f th e  crew  in  determ in ing  th e  le v e l o f in fo rm ation  d e ta i l  conveyed in  

system  d isp la y s . Seme re se a rc h e rs  su g g est th a t  th e  a irc rew s should  be 

given th e  a b i l i ty  to  s e le c t/c o n tro l th e  le v e l o f d isp la y  d e ta i l  (Schm it, 

1984; Murphy & M itc h e ll, 1986). O thers su g g est th a t  to o  much tim e i s  

a lread y  sp en t on managing in fo rm ation  p re se n ta tio n  re s u ltin g  in  in c re ase  

p i lo t  w orkload and a  d ecrease  in  p i lo t  e ffe c tiv e n e ss  (Adam, 1987). The 

p re se n t re se a rc h  w ill a ttem p t to  determ ine th e  d e trim en ta l o r 

f a c i l i t a t iv e  e f f e c t th a t  q u a n tita tiv e  in fo rm ation  p la y s  in  th e  

p re se n ta tio n  o f system  s ta tu s  in fo rm ation .

In form ation  P re se n ta tio n  S ty le . The d isp la y  o f  "su rp lu s"
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in fo rm ation  concerns th e  in c lu s io n  in  th e  d isp la y  o f in fo rm ation  th a t  i s  

n o t d ir e c tly  re la te d  to  th e  ta s k  a t  hand o f  d iagnosing  th e  c u rre n t 

a i r c r a f t  f a u l t .  T his is s u e  r e la te s  to  th e  in fo rm ation  p ro cessin g  

q u estio n  o f w hat in fo rm ation  i s  necessary  fo r  th e  p i l o t  to  o p era te  th e  

a i r c r a f t  s a fe ly  under abnormal co n d itio n s . R esearchers su p po rting  th e  

design  g u id e lin e  o f d isp la y  by excep tion  (where on ly  in form ation  

necessary  fo r  su ccessfu l ta s k  o cn p le tio n  i s  p resen ted  to  o p e ra to rs), 

advocate p re se n tin g  on ly  th e  in form ation  d ir e c tly  re la te d  to  th e  f a u lt  

(o u t-o f-to le ra n c e  on ly ; c f ,  Wanner, 1982; Murphy & Mitche l l ,  1986; 

Schudy, C orker, & Baron, 1987). O thers su g g est th a t  in fo rm ation  th a t  i s  

n o t abnormal b u t re la te d  to  th e  c u rre n t s itu a tio n  would be h e lp fu l fo r  

th e  p i lo t  in  determ ining  th e  o v e ra ll system  s ta tu s  (Mas, E rickson, & 

Jo rdan , 1979; Calhoun & Heron, 1981; Hbecker, 1982). I t  i s  lo g ic a l to  

assume th a t  th e  in c lu s io n  o f more in fo rm ation  in c re a se s  th e  degree o f 

in fo rm ation  d e n s ity  in  th e  d isp la y  and th u s  d isp la y s  ccn ta in in g  le s s  

in fo rm ation  should  have qu icker a sso c ia te d  responses.

The c u rre n t re sea rch  w ill a tte n p t to  determ ine i f  th e  in c lu s io n  o f 

"su rp lu s" in fo rm ation  im proves o r  hampers p i lo t  perform ance when 

a ttem p ting  to  determ ine a i r c r a f t  subsystem  s ta tu s .

Experim ental E xpectations

The c u rre n t re sea rch  addressed  fo u r to p ic  a re a s  considered  to  be 

im portan t to  th e  p re se n ta tio n  o f f a u l t  in fo rm ation  in  th e  commercial 

a i r l in e  co ck p it. F a u ltfin d e r, an ex p e rt a i r c r a f t  f a u l t  d ia g n o stic  

system , was used a s  th e  t e s t  bed on which to  base th e  in v e s tig a tio n .
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The f i r s t  to p ic  a rea  concerned th e  s ty le  o f p re se n ta tio n . Recent 

re sea rch  suggested  th re e  ty p es o f d isp la y  s ty le s  th a t  would be 

ap p ro p ria te : p ic tu re - , sym bol-, and te x t-b a se d . W hile p rev ious research  

h as shown th a t  p i lo ts  can op era te  system s w ith  te x t  o r g rap h ic a l based 

d isp la y s , i t  i s  n o t c le a r  under what co n d itio n s p ilo ts  w ill perform  

m axim ally. T herefore, th e  p re se n t study  inco rpo ra ted  an assessm ent o f 

th e  p ic tu re - , sym bol-, and te x t-d is p la y  modes. I t  was expected th a t 

p i lo ts  would perform  b e s t when using  th e  p ic tu re -b ased  d isp la y s  and 

p o o rest on th e  sym bol-based d isp la y s . I t  was expected th a t  p ic to r ia l  

d isp la y s  would be a sso c ia ted  w ith  th e  b e s t p i lo t  perform ance because 

th ey  would have more in tr in s ic  meaning a sso c ia te d  w ith  them th an  th e  

sym bolic d isp la y s , th u s  req u irin g  le s s  in te rp re ta tio n . S u b jec ts were 

expected to  perform  b e tte r  on th e  te x t-b a se d  d isp la y s  th an  th e  symbol- 

based d isp la y s  s in ce  any meaning th a t  becomes a sso c ia ted  w ith  a  symbol 

would have to  be learn ed  and th e  tra in in g  employed in  th e  study  would 

n o t be s u f f ic ie n t to  overcome th e  su b je c ts 7 e x is tin g  read ing  a b i l i t ie s .

The second to p ic  o f research  was unique to  F a u ltfin d e r and re la te s  

to  th e  p re se n ta tio n  o f in d iv id u a l f a u lt  hypotheses o r th e  p re se n ta tio n  

o f a  ccn p o site  h ypo thesis. P i lo t 's  perform ance and p i lo t  p re fe ren ce  a re  

expected to  support th e  use o f s in g le  ccn p o site  hypo thesis p re se n ta tio n  

because o f th e  tim e and e f fo r t  req u ired  to  in te g ra te  th e  se p a ra te  f a u lt 

hy po thesis in to  a  m eaningful chunk o f in form ation .

The th i r d  to p ic  a rea  i s  concerned w ith  th e  s ty le  o f param eter 

p re se n ta tio n  and w ill compare su b jec t perform ance losing bargraphs and
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sim ple num erical v a lu e s. I t  was expected th a t  p i lo ts  would p re fe r  

d isp la y s  th a t  included  q u a n tita tiv e  param eter in fo rm ation ; however, 

th e i r  perform ance was n o t expected to  be any b e t te r ,  and perhaps, even 

w orse, when th e  in form ation  was p resen ted  in  a  bargraph .

Ih e  fo u rth  to p ic  a re a  addresses th e  is su e  o f  determ ining what 

param eter in fo rm ation  i s  necessary  fo r  p i lo t  perform ance and attem pted 

to  id e n tify  how inform ation  should be se le c te d  fo r  in c lu s io n  in  th e  

d isp la y s . An a ttem p t was made to  determ ine w hether p i lo t  perform ance 

would be d if f e re n t under two s ty le s  o f in fo rm ation  p re se n ta tio n . One 

in fo rm ation  p re se n ta tio n  s ty le  advocates th e  p re se n ta tio n  o f a l l  

in fo rm ation  re le v a n t to  th e  f a u lt in  th e  d isp la y s , w hile th e  second 

su g g ests th a t  on ly  th o se  param eters th a t  a re  o p era tin g  abnorm ally a re  

a p p ro p ria te  fo r  in c lu s io n  in  th e  d isp la y s . I t  was expected th a t  

perform ance would be qu icker in  s itu a tio n s  where on ly  th e  o u t-o f

to le ra n c e  in fo rm ation  i s  p resen ted . I t  was fu r th e r  expected, however, 

th a t  p i lo ts  would p re fe r  th e  in c lu sio n  o f  a l l  re le v a n t in form ation , 

choosing to  determ ine fo r  them selves what i s  necessary  fo r  th e  sa fe  

o p era tio n  o f th e  a i r c r a f t .

S ince th e  d if fe re n t issu e s  addressed in  th i s  stu d y  have n o t been 

in v e s tig a te d  sim ultaneously  in  p rev ious re se a rc h , one o f th e  purposes o f 

th i s  in v e s tig a tio n  was to  examine th e  in te ra c tio n s  among them.
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Method

D ie p re se n t in v e s tig a tio n  compared th e  perform ance o f  su b je c ts  a s  a  

fu n c tio n  o f d if fe re n t techn iques fo r  p re sen tin g  system  s ta tu s  

in fo rm ation  to  p ilo ts  based on th e  in fo rm ation  th a t  m ight be generated  

by F a u ltfin d e r. S u b jec ts were asked to  determ ine c u rre n t system  s ta tu s  

u sin g  d isp la y s  genera ted  according to  th e  is su e s  d iscu ssed  above.

Design

The experim ental design  was a  8 Case by 3 (D isplay S ty le ) by 2 

(H ypothesis P re sen ta tio n  S ty le  by 2 (Inform ation  P re se n ta tio n  S ty le) by 

2 (Param eter P re sen ta tio n  S ty le ) by 4 (P ilo t Type) model. A ll v a ria b le s  

were w ith in -su b je c ts  m easures. S u b je c ts ' response tim es and accuracy 

were used to  compare th e  e ffe c tiv e n e ss  o f th e  d if fe re n t d isp la y  

v a ria b le s .

S ub jec ts

S u b jec ts were 18 m ale p ilo ts  each w ith  a  minimum o f 500 hours o f 

f l ig h t  experience in  tw in  tu rb o -fan  engine a i r c r a f t .  The range o f p i lo t  

f l ig h t  experience was 500 to  22,000 hours o f o v e ra ll f l ig h t  experience. 

The su b je c ts  were groups o f s ix  NASA t e s t  p i lo ts , s ix  p i lo ts  from two 

m ajor commercial a i r l in e s , and s ix  U .S. A ir Force p i lo ts .  S ix  m ale 

n o n -p ilo ts , who were fa m ilia r  w ith  f l ig h t  deck d isp la y s  and a i r c r a f t  

o p e ra tio n , were a lso  te s te d . The in c lu s io n  o f n o n -p ilo ts  in  th e  su b je c t 

pool was in tended  to  a s s is t  in  determ ining  p i lo t  perform ance th a t  i s  a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Page 24

p roduct o f  p rev ious tra in in g  and n o t th e  r e s u l t  o f  experim ental 

d isp la y s , and s in c e  i t  i s  u n c lea r how re c e p tiv e  sane o f  th e  su b je c ts  

would be to  in fo rm ation  d isp la y s  th a t d if f e r  from th o se  to  which they  

w ere accustom ed. Each su b je c t p a r tic ip a te d  in  a l l  experim ental 

co n d itio n s .

A pparatus

The d isp la y s  were p resen ted  on a  C asper EGA (640 X 350) c o lo r 

m onito r, model TE5154, d riven  by a  Gem G/AT com puter running a t  1CMHZ. 

S u b je c ts ' response tim es were recorded by th e  com puter. A Panasonic 

p o rta b le  ta p e  reco rd e r was used to  reco rd  s u b je c ts ' v e rb a liz a tio n s .

S tim ulus M ateria l

The d isp la y s  used in  th e  in v e s tig a tio n  were c rea ted  u sin g  n r . Halo 

I I ,  a  ra p id  p ro to ty p in g  to o l u sin g  a  1 6 -co lo r p a le tte  and f a t - b i ts  

e d itin g  c a p a b ility . The d isp la y s  were generated  based on acc id en t 

re p o rts  ob ta ined  from th e  N ational T ran sp o rta tio n  and S afe ty  Board 

d e sc rib in g  commercial a i r l in e  acc id en ts  invo lv ing  m u ltip le  tu rb o -fa n  

a i r c r a f t  th a t  had occurred between 1970 and 1986 a s  w ell a s  in c id e n t 

re p o rts  ob ta ined  fra n  th e  NASA A viation  S afe ty  R eporting System. 

In form ation  concerning th e  e ig h t t e s t  cases employed in  th e  study  a re  

p resen ted  in  T able 1 . The cases a re  o rdered  in  term s o f th e  amount o f 

in fo rm ation  p resen ted  in  th e  d isp la y  in  bo th  th e  ccn p o site  and m u ltip le  

hypotheses co n d itio n s . The cases f a l l  in to  th re e  lo g ic a l groups in  

term s o f com plexity. The f i r s t  group i s  made up o f Cases A, B, C, D, 

and E which invo lve f a u lts  occu rring  in  one o f th e  fo u r subsystem s. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Page 25

second group, co n ta in in g  Cases F and G involve 2 o f  th e  fo u r subsystem s, 

w h ile  th e  l a s t  group, Case H, invo lves th re e  o f subsystem s. The cases 

were s e le c te d  to  re p re se n t th e  f u l l  range o f  f a u lts  th a t  a  p i lo t  m ight 

lo g ic a lly  expect to  encounter du ring  th e  o p era tio n  o f th e  a i r c r a f t .

In s e r t T able 1 about here

The cases se le c te d  fo r  in c lu sio n  in  th e  in v e s tig a tio n  rep resen ted  

acc id en ts  invo lv ing  s in g le  and m u ltip le  a i r c r a f t  subsystem  f a ilu re . The 

se le c te d  cases included  s itu a tio n s  re q u irin g  S tage 1 and S tage 2 

reason ing  a s  d ic ta te d  by F a u ltfin d e r. F ive o f th e  t e s t  cases involved 

one hy p o th esis in  th e  m u ltip le  hypotheses co n d itio n , two involved two 

hypotheses, and th e  rem aining case involved fo u r hypotheses. Each t e s t  

case  was rep resen ted  by 24 d isp la y s  generated  to  re p re se n t th e  d if fe re n t 

com binations o f re search  is su e s  (Ocmposite v s  M ultip le  Hypotheses X 

P ic tu re -  v s  Sym bolic- v s T ext-based D isplays X Bargraph v s  Numerical X 

A ll R elevant v s O u t-o f-to le ran ce  O nly). A s e t  o f re p re se n ta tiv e  

d isp la y s  fo r  th e  e ig h t t e s t  cases i s  p resen ted  in  Appendix A.

The group o f  d isp la y s  were p resen ted  in  th re e  sep a ra te  b locks based 

on th e  co n ten t o f th e  d isp la y : te x t-b ased , sym bol-based, p ic tu re -b ased . 

Each b lock  contained  64 d isp la y s  (M ultip le v s Composite Hypotheses X 

Bargraph v s Num erical Value X A ll R elevant vs C X rt-of-tolerance Only X 8 

T est C ases). The m ajor d isp la y  b locks were sep arated  in to  two groups: 

m u ltip le  hypotheses and ccn p o site  hypo thesis d isp la y s . The p re sen ta tio n
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Table 1
Experim ental T est Cases 

Case A

T his was a  h y p o th e tica l case  invo lv ing  a  r ig h t 
h y d rau lic  system  f a ilu re . A low h y d rau lic  p ressu re  
in d ic a tio n  was th e  only  o u t-o f-to le ra n c e  param eter. 
The m u ltip le  hypotheses d isp la y  con tained  a  s in g le  
in d iv id u a l hypo thesis in d ic a tin g  a  fa ile d  h y d rau lic  
punp.

Case B

T his cased  was based on NISB re p o rt number NISB/AAR- 
84/04 invo lv ing  a  Lockheed L1011 o p era tin g  a s  E astern  
F lig h t 855. The case  involved a  l e f t  o i l  system  
f a ilu re , w ith  o i l  q u a n tity  and o i l  p ressu re  bo th  lew . 
The m u ltip le  hypo thesis d isp la y  contained  a  s in g le  
in d iv id u a l hypo thesis d ep ic tin g  an o i l  le ak .

case  c

T his was a  h y p o th e tica l case  th a t involved th e  r ig h t 
fu e l system . Fuel flow  and fu e l p ressu re  were both  
low. The m u ltip le  hypo thesis d isp la y  con tained  a  
s in g le  hypo thesis d ep ic tin g  a  fu e l le ak .

case  D

T his was a  h y p o th e tica l case  invo lv ing  th e  l e f t  
engine. A low N1 sen so r read in g  was th e  only  o u t-o f
to le ra n c e  in form ation . The m u ltip le  hypo thesis d isp la y  
con tained  two in d iv id u a l hypotheses, one d e p ic tin g  a 
fa ile d  fan , and th e  o th e r d ep ic tin g  a  fa ile d  N1 sen so r.

Case E

T his was an acc id en t case  based on N ational 
T ran sp o rta tio n  and S afety  Bureau (NISB) R eport Number 
NISB-aar-76-19 invo lv ing  Douglas DC-10-30 o p era tin g  a s 
O verseas N ational Airways F ig h t 032. The case involved 
a  s in g le  l e f t  engine f a ilu re  w ith  N l, N2, EER, and EGT 
a l l  low. The m u ltip le  hypotheses d isp la y s  contained 
fo u r in d iv id u al hypotheses in d ic a tin g  a  fa ile d  fan , 
com pressor, com bustor, and tu rb in e  se p a ra te ly .
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Table 1 (continued)
Experim ental T est Cases 

case  F

T his case  was a lso  based on NISB re p o rt number 
MESB/ARR-84/04, b u t rep resen ted  th e  f a ilu r e  in  a  l a te r  
phase o f  i t s  developm ent. The l e f t  engine a s  w ell a s  
th e  l e f t  o i l s  system  were involved, w ith  th e  o i l  
q u a n tity , o i l  p re ssu re , N l, N2, EGT, and EER a l l  lew . 
The m u ltip le  hypo thesis d isp la y  con tained  a  s in g le  
hypo thesis d ep ic tin g  an o i l  le ak  and a  f a ile d  fan , 
com pressor, com bustor, and tu rb in e .

Case G

T his was a  h y p o th e tica l case invo lv ing  a  r ig h t 
engine and r ig h t fu e l system  fa ilu re . N l, fu e l flew , 
fu e l p re ssu re  and fu e l q u a n tity  were a l l  lew . The 
m u ltip le  hypotheses d isp la y s  contained  two hypotheses, 
one invo lv ing  a  fa ile d  fan  and fu e l le ak  and th e  o th e r 
a  fa ile d  Nl sen so r and fu e l le ak .

case  H

T his case  was based on NTSB acc id en t re p o rt number 
NTSB-AAR-82-5 invo lv ing  a  Lockheed L-1011-384 o p era tin g  
as E astern  A irlin e s  F lig h t 935. The case  involved 
f a ilu re  in  th e  r ig h t engine, r ig h t o i l  system , and 
r ig h t h y d rau lic  system . N l, o i l  p re ssu re , and 
h y d rau lic  p ressu re  were a l l  lew . The m u ltip le  
hypotheses d isp la y  contained  a  s in g le  hypo thesis 
d ep ic tin g  a  fa ile d  fan , an o i l  and h y d rau lic  le ak , 
o f th e  sep a ra te  d isp la y  b locks and th e  d if fe re n t 
d isp la y  groups were p a r t ia l ly  counterbalanced . Each 
d isp la y  group was composed o f 32 d isp la y s  which were 
randomized fo r  each su b je c t.
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p a r t ia l ly  coun terbalanced . Each d isp la y  group was ocnposed o f 32 

d isp la y s  th a t  w ere random ized fo r  each su b je c t.

O olor. O olor was used  in  th e  p re se n ta tio n  o f th e  te x t - ,  sym bol-, 

and p ic tu re -b a se d  in fo rm ation  to  in d ic a te  th e  o p e ra tio n a l s ta tu s  o f  th e  

subsystem  o r  subsystem 's o p p o n en ts . The b a s ic  approach to  th e  u se  o f 

c o lo r in  d isp la y  g en e ra tio n  was to  u se  g rays to  re p re se n t background 

in fo rm atio n , b la ck  and w h ite  fo r  o u tlin in g  and fo r  alphanum erics, re d  to  

denote abnormal co n d itio n s , and green  to  denote norm al o p e ra tio n . C olor 

was a ls o  used to  id e n tify  le ak s  in  th e  o i l  (b lack ), fu e l (o range), and 

h y d rau lic  (magenta) subsystem s in  p ic tu re -b ased  d isp la y s  and a s  

supplem ental d a ta  fo r  le a k s  in  th e  sym bol-based d isp la y s .

Num erical Param eter In form ation . Numerical param eter in form ation  

was d isp lay ed  n um erically  a s  a  d ig i ta l  readou t in  b lack , w ith  background 

c o lo r in d ic a tin g  o p e ra tin g  s ta tu s  (norm al-green, abnorm al-red). An 

arrow head p o in tin g  up o r  down was used to  in d ic a te  w hether an abnormal 

param eter was abnorm ally-high o r  abnorm ally-lcw , re sp e c tiv e ly .

Bargraph Param eter In fo rm ation . Bargraph param eter in form ation  was 

d isp lay ed  u sin g  a  b a r gauge designed fo r  th i s  study  (see F igure 2 ). The 

green  a re a  o f  th e  b a r rep resen ted  normal o p e ra tio n , w h ile  th e  red  

in d ic a te d  abnorm ally-high o r  abnorm ally-lcw  o p e ra tio n . The yellcw  a rea s  

o f th e  b a rs  w ere included  to  promote recil ism and were n o t used in  th e  

stu d y . A f lo a tin g  h o riz o n ta l w hite b a r in d ic a te d  th e  s ta tu s  o f th e  

component.
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In s e r t F igure 2 about h e re

In s tru c tio n s  and Trainincr

Each d isp la y  b lock  was preceded by a  tr a in in g  se ssio n  where 

su b je c ts  rece iv ed  in s tru c tio n  on th e  p a r tic u la r  exper i me n ta l d isp la y  

co n d itio n s th ey  were to  see  and th en  observed tw elve example d isp la y s . 

Most su b je c ts  re q u ire d  a  s in g le  tra in in g  se ssio n , however, two su b je c ts  

f e l t  th ey  needed to  work through one o f th e  se ss io n s  a  second tim e. 

S u b jec ts w ere asked th e  ccnpnehensicn q u estio n s d u rin g  th e i r  f i r s t  

tr a in in g  se ssio n  on ly .

T ext-based d isp la y s . During th i s  phase o f th e  study , su b je c ts  

rece iv ed  in s tru c tio n  and tra in in g  on th e  te x t-b a se d  d isp la y s  which 

d escrib ed  them a s  being  p rim a rily  alphanum erically  based . The tra in in g  

included  a  w ritte n  d e sc rip tio n  o f th e  d isp la y s  a s  w e ll a s  an example o f 

th e  d isp la y .

Symbol-based D isp lays. S u b jec ts in s tru c tio n  and tra in in g  included 

a  w ritte n  d e sc rip tio n  o f  th e  s e t  o f  d isp la y s  a s  w ell a s  p ic tu re s  o f th e  

s e t  o f symbols th a t  were to  be d ep ic ted  in  th e  d isp la y s . The symbols 

used were geom etric shapes th a t  rep resen ted  th e  fo u r subsystem s included 

in  th e  stu d y . The symbols used in  th i s  s e t  o f d isp la y s  can be found in  

Appendix B. One symbol was used to  re p re se n t each o f th e  subsystem s.
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F igure 2. Fvamnle o f Bargraph Param eter P resen ta tio n  D isplay
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In  th e  m u ltip le  hypotheses d isp la y s  invo lv ing  th e  fu e l, h y d rau lic  and 

o i l  system s, th e  subsystem  symbol con tained  a  c ro ss  to  re p re se n t a  pump 

f a ilu r e  o r was f i l le d  to  re p re se n t a  le ak .

P ic tu re-b ased  D isp lays. W ith th i s  s e t  o f d isp la y s  su b je c ts  

rece iv ed  in s tru c tio n  and tra in in g  th a t  included  a  w ritte n  d e sc rip tio n  as  

w ell a s  p ic tu re s  o f th e  d isp la y  elem ents contained  in  th e  s e t  o f 

d isp la y s . The s e t  o f  d isp la y  elem ents used in  d isp la y  co n stru c tio n  a re  

lo c a te d  in  Appendix C.

Procedure

S ub jec ts were g iven  a  b r ie f  d e sc rip tio n  o f  th e  purpose o f th e  

re sea rch  p ro je c t th a t  s tre s s e d  th e  experim ental n a tu re  o f th e  system  and 

th e  im portance o f considering  th e  type o f in fo rm ation  th ey  would p re fe r  

to  have a v a ila b le  to  them in  th e  f l ig h t  deck, u n re s tr ic te d  by what i s  

c u rre n tly  a v a ila b le . S u b jec ts were in s tru c te d  to  co n sid er each d isp la y  

in  th e  co n tex t o f normal f l ig h t  o p era tio n  and w eather, w hile f ly in g  a t  a 

normal c ru is in g  a l t i tu d e . The im aginary p lane th ey  would be fly in g  was 

d e sc rib e  as  a  nex t g en era tio n  a i r c r a f t  th a t  would have tw in  tu rb o -fan  

engines and would o p era te  in  a  p rim a rily  CRT-based environm ent. The 

d isp la y  th ey  would see  would appear on a  secondary d isp la y  panel and 

would serve a s  supplem ental in form ation  to  o th e r s ta tu s  in form ation  they  

would expect to  have a v a ila b le  in  th e  co ck p it. A b r ie f  d e sc rip tio n  and 

purpose o f F a u ltfin d e r was a lso  given a t  th i s  tim e. Both w ritte n  and 

v e rb a l in s tru c tio n s  were g iven about th e  experim ental p rocess and th e  

ta sk s  th ey  were asked to  perform . A copy o f th e  w ritte n  in s tru c tio n s
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given  to  th e  su b je c ts  i s  p resen ted  in  Appendix D.

Task

F or each o f  th e  p resen ted  d isp la y s  ( i . e . ,  192) th e  s u b je c t 's  ta sk  

was to  id e n tify , from th e  d isp la y , th e  a i r c r a f t  subsystean(s) th a t  had 

been rep resen ted  a s  o p e ra tin g  abnorm ally. The ta s k  involved

id e n tify in g  th e  number and ty p e  o f  subsystem s p resen ted  in  th e  d isp la y  

and re p o rtin g  them to  th e  experim enter. They were in s tru c te d  to  work a s  

q u ick ly  a s  p o s s ib le , b u t n o t to  s a c r if ic e  speed fo r  accuracy.

D uring th e  p re se n ta tio n  o f th e  d isp la y s , su b je c ts  were o cca sio n a lly  

asked to  in d ic a te  th e  o p era tin g  s ta tu s  o f a  param eter th a t  was contained  

in  th e  d isp la y  th e  su b je c t had ju s t  view ed. The s u b je c ts ' ta s k  was to  

in d ic a te  w hether th e  param eter was abnormal ly -

h ig h , abnorm ally-low , o r  norm al. T h is q u estio n  was asked an average o f 

35 tim es p e r s u b je c t.

A fte r com pleting th e  experim ent, s u b je c ts  w ere asked to  com plete a  

follow up q u es tio n n a ire  th a t  asked them to  in d ic a te  th e i r  d isp la y  

p re fe ren ce  and to  make su g g estio n s th a t  th e y  f e l t  m ig h t  improve th e  s e t  

o f d isp la y s  employed in  th e  stu d y . A copy o f th e  post-experim en t 

q u estio n n a ire  i s  rep resen ted  in  Appendix E.
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R esu lts 

Response Time

Response tim e ob ta ined  as  a  fu n c tio n  o f  t e s t  case  (A to  H ), 

p re se n ta tio n  s ty le  (p ic tu re - , sym bol-, and te x t-b a se d ), hypo thesis 

p re se n ta tio n  (ccn p o site  and m u ltip le ), param eter in form ation  (bargraphs 

and num erical v a lu e s), in form ation  d e n s ity  (o u t-o f-to le ra n c e  only  and 

a l l  re le v a n t) , and p i lo t  ty p e  (NASA-test, A ir Force, O cnm ercial, and 

N o n -P ilo t). S u b jec ts were nested  in  p i lo t  ty p e . Response tim e d a ta  

were analyzed u sin g  a  s ix - fa c to r  a n a ly s is  o f  v a ria nce which i s  

summarized in  Table 2.

In s e r t Table 2 about h ere

Main E ffe c ts

As can be seen from Table 2 , th re e  s ig n if ic a n t main e f fe c ts  were 

o b ta ined  frcm th e  response tim e d a ta .

C ases. A main e f f e c t fo r  cases was found fo r  response tim e. The 

mean re a c tio n  tim es fo r  th e  e ig h t t e s t  cases a re  p resen ted  in  F igure 3. 

The d iffe re n c e s  in  th e  mean response tim es fo r  in d iv id u a l cases a re  

c o n s is te n t w ith  what would be expected frcm  th e  in form ation  con tained  in  

T able 1. A Tukey (hsd) p o s t hoc t e s t  dem onstrated 4 sm all group 

c lu s te r s  w ith  d if fe r in g  response tim es s im ila r  to  th e  inform ation  

com plexity groupings describ ed  p rev io u sly . The f i r s t  grouping was
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Table 2
Analysis of Variance Summary Table for Response Time Data

Source d f Mean
Square

F

Case (C) 7 1585620946.00 78.12*
D isplay S ty le  (DS) 2 28354456.56 <1
H ypothesis S ty le  (HS) 1 812120564.26 49.80*
Inform ation  S ty le  (IS) 1 2048600043.95 85.90*
Param eter S ty le  (PS) 1 5831823.98 <1
P ilo t Type (P) 3 49152027.28 <1
S u b jec t (P ilo t Type) [S (P)] 20 56283353.46
C X DS 14 8943773.35 1.69
C X HS 7 43014683.31 11.81*
C X IS 7 1152894734.00 22.42*
C X PS 7 3200356.07 <1
C X P 21 10284835.41 <1
C X S(P) 140 2029804.98
DS X HS 2 66413199.03 3.93*
DS X IS 2 1918971.55 <1
DS X PS 2 1739207.71 <1
DS X P 6 28354456.56 <1
DS X S(P) 40 5084468.38
HS X IS 1 472675.54 <1
HS X PS 1 4901710.96 <1
HS X P 3 2158089.26 <1
HS X S(P) 20 16306127.07
IS  X PS 1 1064887.70 <1
IS  X P 3 11999866.98 <1
IS  X S(P) 20 23847306.32
PS X P 3 5408446.09 <1
PS X S(P) 20 5694534.73
C X DS X HS 14 6230481.17 1.83*
C X DS X IS 14 3567419.12 1.07
C X DS X PS 14 5102521.39 1.57
C X DS X P 42 2988237.76 <1
C X DS X S(P) 280 5654600.04
C X HS X IS 7 2407507.49 <1
C X HS X PS 7 940438.74 <1
C X HS X P 21 5086130.20 1.49
C X HS X S(P) 140 3424124.26
C X IS X PS 7 7205826.39 1.89
C X IS X P 21 4236531.53 <1
C X IS X S(P) 140 5740909.15
C X PS X P 21 4114337.82 1.20
C X PS X S(P) 140 3431280.91
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Table 2 (continued)
A n a ly s i s  o f  Variance Summary Table for Response Time Data

Source d f Mean
Square

F

DS X HS X IS 2 385606.14 <1
DS X HS X PS 2 1521462.26 <1
DS X HS X P 6 24117280.10 1.43
DS X HS X S(P) 40 16884799.28
DS X IS X PS 2 1952639.13 <1
DS X IS  X P 6 4303338.68 <1
DS X IS X S(P) 40 6433796.14
DS X PS X P 6 4025134.67 <1
DS X PS X S(P) 40 5868375.61
HS X IS X PS 1 2846597.42 <1
HS X IS X P 3 4032105.06 <1
HS X IS X S(P) 20 6037318.41
HS X PS X P 3 16920683.76 1.57
HS X PS X S(P) 20 10758774.10
IS X PS X P 3 7516092.79 1.66
IS X PS X S(P) 20 4516985.06
C X DS X HS X IS 14 3919488.38 1.30
C X DS X HS X PS 14 2669174.12 1.16
C X DS X HS X P 42 3740222.92 1.10
C X DS X HS X S(P) 280 3404793.75
C X DS X IS X PS 14 3450531.39 1.16
C X DS X IS X P 42 3517809.03 1.06
C X DS X IS X S(P) 280 3316635.41
C X DS X PS X P 42 3873298.53 1.22
C X DS X PS X S(P) 280 3169532.08
C X HS X IS X PS 7 3239924.20 1.02
C X HS X IS X P 21 2033113.13 <1
C X HS X IS X S(P) 140 3275875.84
C X HS X PS X P 3 16920683.76 1.57
C X HS X PS X S(P) 140 3104746.04
C X IS  X PS X P 21 6195737.89 1.79*
C X IS  X PS X S(P) 140 3454931.00
DS X HS X IS  X PS 2 1089023.98 <1
DS X HS X IS X P 6 1543812.74 <1
DS X HS X IS X S(P) 40 2281948.46
DS X HS X PS X P 6 1077540.97 <1
DS X HS X PS X S(P) 40 6012963.35
DS X IS  X PS X P 6 1968848.21 <1
DS X IS  X PS X S(P) 40 4877613.31
HS X IS X PS X P 3 10032435.38 2.37
HS X IS X PS X S(P) 20 4224245.47
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Table 2 (continued)
Analysis of Variance Sunmarv Table for Response Time Data

Source d f Mean
Square

F

CXDS XHS X I S X P S 14 4878436.33 1.69
C X D S X H S X I S X P 42 3091094.42 1.02
C X D S X H S X I S X  S(P) 280 3016266.80
C X D S X H S X P S X P 42 2307099.22 1.00
C X D S X H S X P S X  S(P) 280 2305269.31
C X D S X I S X P S X P 42 2606115.64 <1
C X D S X I S X P S X  S(P) 280 3016315.37
C X H S X I S X P S X P 21 2598484.72 <1
C X H S X I S X P S X  S(P) 140 3265500.78
DS X H S X I S  X P S X P 6 1673206.91 <1
D S X H S X I S X P S X  S(P) 40 516118.34
C X D S X H S X I S X P S X P 42 2785852.82 <1
C X D S X H S X I S X P S  

X S(P) 280 2907819.52

* p< .05
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cxnposed o f  Cases A (3.520 s e c ) , B (3.459 s e c ) , and D (3.217 sec) w ith  

response tim es 3.520, 3.459, and 3.217 seconds, re sp e c tiv e ly . The 

second grouping was ocnposed o f Cases C and E w ith  response tim es o f 

4.399 and 4.506 seconds, re sp e c tiv e ly . The th i r d  grouping was made up o f 

Cases F and G w ith  response tim es o f 6.269 and 6.684 seconds, 

re sp e c tiv e ly . The fo u rth  grouping contained  a  s in g le  case H w ith  a  mean 

response tim e o f 7.548 seconds. Response tim es to  th e  f i r s t  grouping 

w ere th e  q u ic k est follow ed by th e  second, th i r d , and fo u rth  groupings, 

in  th a t  o rd e r. These re s u lts  a re  c o n s is te n t w ith  what would be expected 

by th e  amount o f com plexity found in  th e  d if fe re n t cases , w ith  Case H 

having  p o rtray ed  th e  g re a te s t amount o f in form ation  and Cases A and B 

th e  le a s t  amount o f in form ation .

In s e r t F igure 3 about h ere

H ypothesis P resen ta tio n  S ty le . The s ig n if ic a n t e f f e c t fo r  

h y p o th esis p re se n ta tio n  s ty le  in d ic a te s  th a t  su b je c ts  were a b le  to  

respond f a s te r  to  com posite h y po thesis d isp la y s  th an  m u ltip le  hypo thesis 

d isp la y s , w ith  mean response tim es o f 4.530 and 5.370 seconds, 

re sp e c tiv e ly  (See F igure 4 ).

In s e r t F igure 4 about h e re

Inform ation  P resen ta tio n  S ty le . The d a ta  p resen ted  in  F igure 5
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in d ica te d  th a t  response tim es were f a s te r  o v e ra ll in  th e  "o u t-o f- 

to le ra n c e  only" in fo rm ation  p re se n ta tio n  co n d itio n  (4.283 sec) th a n  th ey  

were in  th e  " a l l  re le v an t"  co n d itio n  (5.617 s e c ) . There w ere no 

d iffe re n c e s  in  accuracy between th e  two co n d itio n s.

In s e r t F igure 5 about h e re

Case by H ypothesis P resen ta tio n  E ffe c ts

A s ig n if ic a n t hypo thesis p re se n ta tio n  method by case  in te ra c tio n  

was found. As can be seen in  F igure 6, response tim e was q u ic k est, 

o v e ra ll, in  th e  com posite hypo thesis co n d itio n , a  Tukey (hsd) a n a ly sis  

confirm ed th i s  observ atio n  o u t in  a l l  cases excep t Cases B and C, where 

no d iffe re n c e s  w ere observed. Groupings s im ila r  to  th o se  found in  th e  

main e f f e c t fo r  case  (d iscussed  above) and th e  case  by d isp la y  s ty le  by 

h y po thesis p re se n ta tio n  s ty le  case in te ra c tio n  (d iscussed  below) were 

found when response tim e fo r  th e  com posite and m u ltip le  hypo thesis 

co n d itio n s were observed se p a ra te ly . For th e  ccn p o site  hypo thesis 

co n d itio n  th e  Case F (5.960 sec) and G (5.816 sec) grouping was found, 

a s  was th e  Case C (4.187 sec) and E (3.711 sec) grouping, and an Case A 

(3.247 s e c ) , B (3.354 sec) and D (7.101 sec) grouping. In  th e  m u ltip le  

hypotheses co n d itio n , th e  Case A (3.792 s e c ) , B (3.562 s e c ) , and D 

(3.570) group was th e  only  one observed.

Case by Inform ation  P resen ta tio n  S ty le  E ffe c ts

A s ig n if ic a n t case  by inform ation  p re se n ta tio n  s ty le  in te ra c tio n
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wets o b ta ined  from th e  response tim e d a ta . The grot?) means a re  p resen ted  

in  F igure 7 . The Tukey (hsd) a n a ly s is  rev ea led  th a t  s u b je c ts ' response 

tim e was c o n s is te n tly  f a s te r  in  th e  "only o u t-o f-to le ra n c e "  co n d itio n  o f 

in fo rm ation  d e n s ity  when compared to  th e  " a l l  re le v a n t"  co n d itio n .

In s e r t F igure 6 about h ere

A nalysis o f cases  w ith in  th e  "o u t-o f-to le ra n c e "  co n d itio n  rev ea led  a  

s im ila r ity  in  responses fo r  Cases A (3.106 s e c ), B (3.105 s e c ) , and D 

(2.747 se c ) , fo r  Cases C (3.916 sec) and E (4.071 s e c ) , and fo r  Cases F

(5.895 sec) and G (5.125 se c ) . As was found in  th e  main e f f e c t fo r

c a se s , th e  more in fo rm ation  con tained  in  th e  d isp la y s  th e  longer

s u b je c ts ' took  in  making th e ir  response, and d isp la y s  w ith  approxim ate

amounts o f in fo rm ation  had s im ila r  response tim es.

In  th e  " a l l  re le v an t"  a n a ly s is  th e  f i r s t  two com plexity groupings 

were a lso  found, however, Case H rep laced  Case G in  th e  th ird  grouping.

In s e r t F igure 7 about h ere

ra se  by D isplay S tv le  by Hypotheses P resen ta tio n  S ty le  E ffe c ts

A s ig n if ic a n t case  by d isp la y  s ty le  by hypo thesis p re se n ta tio n  

s ty le  in te ra c tio n  was ob ta ined  fo r  response tim e. As can be seen  in
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F igure 8 , th e  e f f e c t  o f h y p o th esis p re se n ta tio n  method on response tim e 

was in c o n s is te n t a c ro ss  d isp la y  s ty le  and c a se . These fin d in g s  suggest 

th a t  d isp la y  s ty le  and hyp o th esis p re se n ta tio n  s ty le  d if f e r e n tia l ly  

e f f e c t su b je c t response tim e a s  a  fu n c tio n  o f amoun t  o f in fo rm ation  

p re se n ta tio n . When th e  amount o f in fo rm ation  con tained  in  a  d isp la y  i s  

sm all th e re  a re  no d iffe re n c e s  in  s u b je c ts ' response t i mes. However, a s  

th i s  amount in c re a se s  response tim es in c re ase  fo r  th e  m u ltip le  

h y po thesis d isp la y s  a s  w e ll a s  th e  sym bol-based d isp la y s , w ith  th e  

p ic tu re /co m p o site  and tex t/co m p o site  d isp la y s  having th e  q u ick est 

response tim es.

For Cases A, B, C, and D T ukey 's (hsd) a n a ly s is  rev ea led  no 

d iffe re n c e s  between response tim e ac ro ss  th e  d if fe re n t P re se n ta tio n  

S ty le s  and H ypothesis P re se n ta tio n  S ty le s . For Case H th e  d iffe re n c e s  

were found between th e  p ic tu re-co m p o site  co n d itio n  (6.317 sec) and 

p ic tu re -m u ltip le  co n d itio n  (8.167 se c ) , p ic tu re-co m p o site  and bo th  

symbol co n d itio n s  [com posite (7.692 s e c ) , m u ltip le  (7.968 s e c ) ] , and th e  

p ic tu re-co m p o site  and th e  te x t-m u ltip le  co n d itio n  (7.846 s e c ) . The 

fin d in g s fo r  Case F were th e  same a s  fo r  Case H, excep t th e  d iffe re n c e s  

between p ic tu re -co m p o site  (5.151 sec) and p ic tu re -m u ltip le  (6.279 sec) 

and th e  p ic tu re-co m p o site  and sym bol-com posite co n d itio n  (6.701 sec) 

were n o t found.

In s e r t  F igu re 8 about here
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For Case £ d iffe re n c e s  between th e  p ic tu re -c c c p o site  co n d itio n s 

(3.632 and 5.476 sec , re sp ec tiv e ly ) and th e  p ic tu re -  (5.330 and 7.843 

se c ) , symbol- (5.375 and 7.030 s e c ), and te x t-m u ltip le  (5.194 and 7.780 

sec) co n d itio n s were found a s  were th e  d iffe re n c e s  between th e  p ic tu re -  

m u ltip le  co n d itio n  and th e  symbol- (3.816 and 6.246 sec) and te x t-  

ccm posite (3.685 and 5.726 sec) co n d itio n s, th e  sym bol-m ultiple 

co n d itio n  and th e  tex t-com posite  co n d itio n , and th e  tex t-com posite  

co n d itio n  and th e  te x t-m u ltip le  co n d itio n . S im ila r r e s u lts  were found 

fo r  case  G except th a t  th e  d iffe re n c e  between th e  sym bol-m ultiple 

co n d itio n  and th e  tex t-com posite  co n d itio n  found fo r  Case E, was n o t 

found fo r  Case G.

A nalysis o f d iffe re n c e s  ac ro ss cases in d ica te d  th re e  groupings o f 

cases where s u b je c ts ' response tim es were c o n s is te n t a c ro ss th e  s ix  

co n d itio n s . The f i r s t  grouping was composed o f Cases C and E, th e  

second grouping o f Cases F, G, and H, and th e  th ird  grouping Cases A, B, 

C, and D.

Case by Inform ation P resen ta tio n  S tv le  by Param eter P resen ta tio n  S ty le  

by P ilo t Type E ffe c t

A s ig n if ic a n t case  by inform ation p re se n ta tio n  s ty le  by param eter 

p re se n ta tio n  s ty le  by p i lo t  in te ra c tio n  was ob ta ined  from su b je c t 

response tim e. The mean response tim es a re  p resen ted  in  F igures 9 and 

10. Trends c o n s is te n t w ith  th o se  found in  e a r l ie r  a n a ly sis  were 

observed. Comparing s u b je c ts ' response tim es ac ro ss th e  inform ation 

p re se n ta tio n  co n d itio n s suggests th a t when th e  inform ation  p resen ted  in
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th e  d isp la y s  p e rta in ed  to  a  s in g le  subsystem  (cases A, B, C, D, and E) 

th e re  w ere m inor d iffe re n c e s  in  s u b je c ts ' response tim es. However, when 

d isp la y s  con tained  in form ation  about f a u lts  in  two subsystem s (Cases F, 

G, and H) response tim es were c o n s is te n tly  f a s te r  when on ly  th e  c u t-o f-  

to le ra n c e  param eter inform ation  was p resen ted  compared to  when a l l  

re le v a n t param eter in form ation  was p resen ted .

In s e r t F igures 9 and 10 about h ere

The perform ance o f th e  d if fe re n t p i lo t  groups d id  n o t e x h ib it any 

re a d ily  observab le p a tte rn s  o r tre n d s .

D isplay S ty le  by H ypothesis P resen ta tio n  S ty le

A s ig n if ic a n t d isp la y  s ty le  by h y po thesis p re se n ta tio n  s ty le  

in te ra c tio n  was found fo r  response tim e. As can be seen in  F igure 11 

response tim e fo r  th e  com posite d isp la y s  (p ic tu re  4.153 sec , symbol 

4.824 sec  and te x t  4.612 sec) were c o n s is te n tly  low er th an  th o se  fo r  th e  

m u ltip le  h y p o th e s is  d is p la y s  (5 .440 , 5 .288, and 5.381 sec ,

re s p e c tiv e ly ) . A Tukey (hsd) a n a ly s is  confirm ed th i s  fo r  th e  p ic tu re  

and te x t  d isp la y s , however, no d iffe re n c e  was found between th e  symbol- 

com posite and th e  sym bol-m ultiple co n d itio n s . A nalysis o f d iffe re n c e s  

acro ss th e  h y po thesis p re se n ta tio n  co n d itio n  rev ea led  th a t  th e i r  was no 

d iffe re n c e  in  th e  response tim es fo r  th e  te x t-  and p ic tu re-com posite  

d isp la y s , b u t bo th  w ere s ig n if ic a n tly  f a s te r  th an  response tim es in  th e  

sym bol-com posite co n d itio n . No d iffe re n c e s  were found in  th e  response
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tim es fo r  th e  d isp la y  s ty le s  in  th e  m u ltip le  hypo thesis co n d itio n .

In s e r t F igure 11 about h ere

Response Accuracy

S ub jec t response accuracy was sep ara ted  in to  number o f  e rro rs  made 

when id e n tify in g  subsystem s rep resen ted  in  th e  d isp la y s  (subsystem  

e rro r)  and p e rce n t e r ro r  made when id e n tify in g  th e  o p era tin g  s ta tu s  o f a  

param eter in d ic a te d  by th e  experim enter (param eter e r ro r ) . Subsystem 

e r ro r  was c a lc u la te d  by d iv id in g  th e  to t a l  number o f e r ro rs  su b je c ts  

made in  each d isp la y  b lock  and d iv id in g  th a t  number by 32 ( i . e . ,  th e  o f 

d isp la y s  p e r b lo c k ).

Param eter e r ro r  was c a lc u la te d  based on th e  number o f occasions th e  

su b je c t was asked to  make th i s  id e n tif ic a tio n  p e r d isp la y  b lock . The 

number o f tim es su b je c ts  were req u ired  to  id e n tify  th e  o p era tin g  s ta tu s  

o f a  sp e c ifie d  param eter v a rie d . The number o f tim es s u b je c t 's  preform ed 

th e  ta s k  ranged from 33-38, w ith  a  mean o f 35.67. O verall s u b je c ts ' 

accuracy was 96.1% fo r  subsystem  id e n tif ic a tio n  and 95.7% fo r  param eter 

id e n tif ic a tio n . D isplay and param eter e r ro r  were analyzed using  

se p a ra te  f iv e - fa c to r  analyses o f v a rian ce , th e  r e s u lts  o f which a re  

p resen ted  in  T ables 3 and 4, re sp e c tiv e ly .
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In s e r t Table 3 and 4 about h ere

Main E ffe c ts

As can be seen  fra n  T ables 3 and 4 cne s ig n if ic a n t main e f f e c t was 

found fo r  subsystem  e rro r .

H ypothesis P resen ta tio n  S ty le . A s ig n if ic a n t e f f e c t o f hypo thesis 

p re se n ta tio n  s ty le  on subsystem  e r ro r  was found; th e  means, p resen ted  in  

F igure 12, in d ic a te  th a t  su b je c ts  made few er e r ro rs  in  th e  ccn p o site  

d isp la y  co n d itio n s (.10  p e r 96 d isp lay s) th an  in  th e  m u ltip le  hypotheses 

d isp la y  co n d itio n  (. 17 p e r 96 d is p la y s ) .

In s e r t F igure 12 about h ere

D isplay S ty le  by H ypothesis P re sen ta tio n  S ty le  E ffe c ts

A s ig n if ic a n t in te ra c tio n  was ob ta ined  fo r  th e  d isp la y  s ty le  and 

h y po thesis p re se n ta tio n  in te ra c tio n  fo r  subsystem  e r ro r . As can be seen 

in  F igure 13, and a s  a  Tukey (hsd) confirm ed, th e  number o f system  

e rro rs  made in  th e  p ic tu re -m u ltip le  (0.250) co n d itio n  were s ig n if ic a n tly  

g re a te r  than  th o se  made in  th e  p ic tu re -c a n p o s ite  (0.042) co n d itio n . No 

d iffe re n c e s  were found fo r  th e  symbol- and te x t-b a se d  d isp la y s .
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Table 3
Analysis of Variance Sunmarv Table for Subsystem Error Data

Source d f Mean
Square

F

D isplay S ty le  (DS) 3 0.0365 <1
H ypothesis S ty le  (HS) 1 0.7656 10.40*
Info rm ation  S ty le  (IS) 1 0.0017 <1
Param eter S ty le  (PS) 1 0.0434 <1
P ilo t  (P) 3 0.2378 <1
S u b jec t (P ilo t Type) [S(P)] 20 0.3427
DS X HS 2 0.6615 3.54*
DS X IS 2 0.0853 <1
DS X PS 2 0.0851 <1
DS X P 6 0.0920 <1
DS X S(P) 40 0.2073
HS X IS 1 0.0851 <1
HS X PS 1 0.5017 4.14
HS X P 3 0.1036 1.50
HS X S(P) 20 0.0695
IS  X PS 1 0.0156 <1
IS X P 3 0.0990 <1
IS  X S(P) 20 0.1497
PS X P 3 0.1591 1.64
PS X S(P) 20 0.0969
DS X HS X IS 2 0.2622 1.79
DS X HS X PS 2 0.2726 1.47
DS X HS X P 6 0.1522 <1
DS X HS X S(P) 40 0.1920
DS X IS X PS 2 0.1927 1.76
DS X IS X P 6 0.1788 1.32
DS X IS X S(P) 40 0.1351
DS X PS X P 6 0.1175 <1
DS X PS X S(P) 40 0.1385
HS X IS X PS 1 0.2101 4.47*
HS X IS X P 3 0.2286 1.94
HS X IS X S(P) 20 0.1177
HS X PS X P 3 0.0341 <1
HS X PS X S(P) 20 0.1344
IS  X PS X P 3 0.1036 <1
IS X PS X S(P) 20 0.2566
DS X HS X IS  X PS 2 0.1580 1.07
DS X HS X IS  X P 6 0.1001 <1
DS X HS X IS X S(P) 40 0.1531
DS X HS X PS X P 6 0.3050 1.82
DS X HS X PS X S(P) 40 0.1677
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Table 3 (ooritinued)

Analysis of Variance Summary Table for Subsystem Error Data

Source d f Mean
Square

F

DS X IS  X PS X P 6 0.1835 1.87
DS X IS  X PS X S(P) 40 0.0983
HS X IS  X PS X P 3 0.0480 1.02
HS X IS X PS X S(P) 20 0.0469
D S X H S X I S X P S X P 6 0.0376 <1
D S X H S X I S X P S X  S(P) 40 0.1635

* p< .05
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Table 4
Analysis of Variance Sunnarv Table fa r Sensor Error Data

Source d f Mean
Square

F

D isplay S ty le  (DS) 3 0.0365 <1
H ypothesis S ty le  (HS) 1 0.0069 <1
Inform ation S ty le  (IS) 1 0.1736 1.53
Param eter S ty le  (PS) 1 0.0069 <1
P ilo t Type (P) 3 0.0694 <1
S ub jec t (P ilo t Type) [S(P)] 20 0.1021
DS X HS 2 0.0122 <1
DS X IS 2 0.0018 <1
DS X PS 2 0.1372 1.97
DS X P 6 0.1059 1.52
DS X S(P) 40 0.0698
HS X IS 1 0.0000 <1
HS X PS 1 0.0278 <1
HS X P 3 0.0671 1.70
HS X S(P) 20 0.0396
IS X PS 1 0.0278 <1
IS X P 3 0.0208 <1
IS X S(P) 20 0.1132
PS X P 3 0.0116 <1
PS X S(P) 20 0.0563
DS X HS X IS 2 0.0677 <1
DS X HS X PS 2 0.1268 2.21
DS X HS X P 6 0.0585 <1
DS X HS X S(P) 40 0.0781
DS X IS X PS 2 0.0122 <1
DS X IS X P 6 0.2604 <1
DS X IS X S(P) 40 0.0365
DS X PS X P 6 0.0446 <1
DS X PS X S(P) 40 0.0698
HS X IS X PS 1 0.0069 <1
HS X IS X P 3 0.1435 1.51
HS X IS  X S(P) 20 0.0951
HS X PS X P 3 0.1435 3.28*
HS X PS X S(P) 20 0.0438
IS X PS X P 3 0.0046 <1
IS X PS X S(P) 20 0.0229
DS X HS X IS X PS 2 0.1059 1.85
DS X HS X IS X P 6 0.0677 <1
DS X HS X IS X S(P) 40 0.0920
DS X HS X PS X P 6 0.0203 <1
DS X HS X PS X S(P) 40 0.0573
DS X IS  X PS X P 6 0.0307 <1
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Table 4 (continued)
A nalysis of Variance Summary Table for Sensor Error Data

Source d f Mean
Square

F

DS X IS  X PS X S(P) 40 0.0698
HS X IS X PS X P 3 0.1505 <1
HS X IS X PS X S(P) 20 0.0771
D S X H S X I S X P S X P 6 0.0828 <1
D S X H S X I S X P S X  S(P) 40 0.0573

* p< .05
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S u b jec ts made few er e r ro rs  in  th e  p ic tu re-com posite  co n d itio n  than  

in  th e  sym bol- (0.156) and te x t-c a rp o s ite  (0.125) co n d itio n s , v iiile  they  

ccran itted  a  g re a te r  number o f  e rro rs  in  th e  p ic tu re -m u ltip le  co n d itio n  

th an  in  th e  symbol- (0.156) and te x t-m u ltip le  (0.125) co n d itio n s . No 

d iffe re n c e s  in  e r ro rs  ccranitted  were found when sy n b o l-cc rp o site  and 

te x t-c o m p o s ite  co n d itio n s and sym bol-m ultiple and te x t-m u ltip le  

co n d itio n s  were compared.

In s e r t F igure 13 about h ere

H ypothesis P resen ta tio n  S ty le  by Inform ation P re sen ta tio n  S ty le  by 

Param eter P resen ta tio n  S ty le  E ffec ts

A s ig n if ic a n t hypo thesis p re se n ta tio n  method by in form ation  d en sity  

by param eter p re se n ta tio n  s ty le  in te ra c tio n  was ob ta ined  fo r  subsystem  

e r ro r . These d a ta  a re  i l lu s tr a te d  in  F igure 14. A Tukey (hsd) a n a ly sis  

o f th e  means rev ea led  th a t  th e re  was no d iffe re n c e  in  number o f e rro rs  

s u b je c t 's  made when param eter inform ation  was p resen ted  in  th e  com posite 

h y p o th esis form at. However, when system  param eter in form ation  was 

p resen ted  in  th e  m u ltip le  hypo thesis form at, s ig n if ic a n tly  more e rro rs  

were made in  th e  b a rg a rp h /a ll re le v a n t d a ta  (0.250) co n d itio n  then  were 

made in  th e  n u m e ric a l/a ll re le v a n t d a ta  (0.111) o r com posite 

h y p o th e s is /a ll re le v a n t (0.056) co n d itio n s. A g re a te r  number o f e rro rs  

were com mitted in  th e  m u ltip le  h y p o th e ses /a ll re le v a n t d a ta  co n d itio n  

(0.250) th en  in  th e  com posite h y p o th e s is /a ll re le v a n t co n d itio n  (0 .056). 

I t  i s  c le a r  from th e  inform ation  p resen ted  in  F igure 14 th a t  th e
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in te ra c tio n  was th e  r e s u lt  o f th e  la rg e  number o f e r ro rs  ccran itted  in  

th e  m u ltip le  hypo thesis form at when a l l  th e  re le v a n t param eters where 

p resen ted  in  bargraph form.

In s e r t F igure 14 about h ere

H ypothesis P re sen ta tio n  S ty le  bv Param eter P resen ta tio n  S ty le  by P ilo t 

Type E ffe c ts

A s ig n i f i c a n t  param eter p re se n ta tio n  s ty le  by hypo thesis 

p re se n ta tio n  s ty le  by p i lo t  ty p e  in te ra c tio n  was observed fo r  senso r 

e r ro rs . These d a ta  a re  rep resen ted  in  F igure 15. No d iffe re n c e s  were 

found in  th e  p o s t hoc exam ination o f th e  means and i t  i s  c le a r  frtm  th e  

d a ta  p resen ted  th a t th e re  i s  no ev id en t p a tte rn .

In s e r t F igure 15 about here

S ub jec tiv e  Data

Upon com pleting th e  study  su b je c ts  were asked to  in d ic a te  which o f 

th e  d isp la y  s ty le s , hypotheses and param eter p re se n ta tio n s , and amount 

o f in form ation  th ey  p re fe rre d  based on th e i r  experiences w ith  them in  

th e  study . In  ad d itio n  su b je c ts  were a lso  asked to  in d ic a te  th e ir  

reasons fo r  th e i r  p re fe ren ces and to  make any recommendation fo r  changes 

in  th e  d isp la y s  th a t  m ight improve p i lo t  perform ance when u sin g  th e
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d isp la y s . A ocpy o f  th e  w ritte n  q u estio n n a ire  can be found in  Appendix 

E.

S u b jec t P references

S u b jec t p re fe ren ce  in form ation  i s  p resen ted  in  Table 5 (Note: 

responses a re  p resen ted  se p a ra te ly  fo r  p i lo ts  and n o n -p ilo ts ) . O verall 

s u b je c ts  p re fe rre d  th e  p ic tu re -b ased  d isp la y s  over te x t-  and symbol- 

based d isp la y s . Ease o f id e n tif ic a tio n  and reco g n itio n  were th e  most 

freq u en t reasons given  by su b je c ts  who p re fe rre d  th e  p ic tu re -b ased  

d isp la y s , w hile qu ick  id e n tif ic a tio n  and l i t t l e  chance fo r  e r ro r  were 

th e  m ost freq u en tly  g iven by su b je c ts  were p re fe rre d  th e  symbol- and 

te x t-b a se d  d isp la y s , re sp e c tiv e ly . S u b jec ts le a s t  p re fe rre d  th e  symbol- 

and te x t-b a se d , w ith  su b je c ts  in d ic a tin g  th a t  th e  subsystem s th a t 

corresponded to  th e  symbols were to o  hard  to  remember and th a t  th e  te x t-  

based d isp la y s  took  to o  long to  read  fo r  a  "quick re fe re n c e ."

In s e r t Table 5 about h ere

S u b jec ts recommended th a t  th e  p ic tu re  used to  re p re se n t th e  

h y d rau lic  system  in  th e  p ic tu re -b ased  d isp la y s  be changed, t u t  were 

unable to  suggest an a lte rn a tiv e . S u b jec ts a lso  suggested  th a t  th e  

p ic tu re  used to  re p re se n t a  le ak  in  th e  p ic tu re -b ased  d isp la y s  be 

m odified  to  re ly  le s s  on c o lo r to  d is tin g u ish  th e  d if fe re n t subsystem s 

and more on th e  p ic tu re  i t s e l f .
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Table 5
Subject Preference Data

D isplay S ty le

P ilo ts  N cn-P ilo ts

Most L east Most L east
P re fe rred  P re fe rred  P re fe rred  P re fe rre d

P ic tu re  10 3 3 0
Symbol 3 8 3 1
Text 5 7 0 5

H ypothesis P resen ta tio n

Composite H ypothesis

P ilo ts

9

N on-P ilo ts

5
M ultip le  Hypotheses 9 1

Inform ation Q uantity  S ty le

P ilo ts N on-P ilo ts

O ut-of-T olerance Only 11 4
A ll R elevant 7 2

Param eter P resen ta tio n

P ilo ts N on-P ilo ts

Bargraphs 15 5
Numbers 3 1
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There was no d iffe re n c e  in  s u b je c ts ' p re fe ren ces fo r  th e  m u ltip le  

hypotheses and om po s ite  hypo thesis d isp la y s . S u b jec ts p re fe rr in g  th e  

ccn p o site  d isp la y s  in d ic a te d  th a t  th e y  lik e d  th e  s im p lic ity  and ease  o f 

u se  o f  th e se  d isp la y s , w hile su b je c ts  who p re fe rre d  th e  m u ltip le  

d isp la y s  in d ic a te d  th a t  th ey  lik e d  th e  f a c t th a t  th e se  d isp la y s  included  

more in fo rm ation . When asked why th ey  d id  n o t l ik e  th e  n o n -p referred  

d isp la y s  su b je c ts  rep o rted  th a t  th ey  d id  n o t d is lik e  th e  n o n -p referred  

d isp la y , b u t sim ply were more com fortable w ith  one ty p e  o f d isp la y . A 

few su b je c ts  f e l t  th a t  bo th  ty p es o f d isp la y s  should be included  in  th e  

system  w ith  th e  p ilo ts  a b le  to  go from th e  ccn p o site  to  m u ltip le  

d isp la y s  w ith  th e  push o f a  b u tto n , allow ing th e  p ilo ts  to  determ ine th e  

amount o f in form ation  th ey  would l ik e  to  have based on c u rre n t f l ig h t  

c o n d itio n s .

When asked which o f th e  two s ty le s  o f param eter in fo rm ation  

p re se n ta tio n  th ey  p re fe rre d , su b je c ts  in d ica te d  a  11 to  7 p re fe ren ce  fo r  

th e  p re se n ta tio n  o f o u t-o f-to le ra n c e  in form ation  only  over th e  

p re se n ta tio n  o f su rp lu s  in form ation . S u b je c t's  p re fe ren ce  fo r  th e  o u t- 

o f-to le ra n c e  only  s ty le  was based upon re p o rts  th a t  th ey  f e l t  d ec isio n s  

could  be made q u ick er, and th a t  in form ation  about th e  normal param eters 

was unnecessary fo r  d ec isio n  making. S ub jects who p re fe rre d  th e  su rp lu s 

in fo rm ation  d isp la y s  rep o rte d  th a t  they  lik e d  th i s  s ty le  because 

d ec isio n s  a re  made based upon th e  s ta tu s  o f th e  e n tir e  system , w ith  

reassu ran ce th a t  o th e r param eters were norm al. As w ith  th e  hypotheses 

p re se n ta tio n s , a  few su b je c ts  recommended a tw o-step  procedure be used 

in  th e  p re se n ta tio n  o f  param eter in form ation . The f i r s t  s te p  would shew
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only  th e  o u t-o f-to le ra n c e  param eters and, w ith  th e  p re ss  o f  a  b u tto n , 

th e  p i lo t  cou ld  d isp la y  a l l  o f  th e  param eter in fo rm ation .

When asked which o f th e  two paramet er  p re se n ta tio n s  th e y  p re fe rre d , 

bargraphs and num erical v a lu es, su b je c ts  p re fe rre d  th e  bargraphs 16 to  2 

over th e  num erical v a lu e s . Quick reco g n itio n  and ease  o f in te rp re ta tio n  

were th e  reaso n s su b je c ts  gave fo r  th i s  p re fe ren ce . The need to  ccnm it 

o u t-o f-to le ra n c e  v a lu es to  memory and th e  la c k  o f need fo r  numbers were 

c ite d  a s  th e  reaso n s why su b je c ts  d id  n o t l ik e  th e  num erical param eter 

p re se n ta tio n s .

A m o d ifica tio n  th a t  was suggested  by a  few o f th e  p i lo ts  was th e  

in c o rp o ra tio n  o f seme num erical v a lu es in to  th e  bargraphs in  a  way 

s im ila r  to  w hat i s  being  done w ith  th e  prim ary f l ig h t  d isp la y s  in  B767's 

and A 310's where num erical v a lu es a re  combined w ith  bargraphs in  th e  

f l ig h t  d is p la y s . A sug g estio n  c o n s is te n t w ith  th i s  th in k in g  was to  

in c lu d e  numbers in  th e  d isp la y s  when th e  param eter e n te rs  th e  o u t-o f

to le ra n c e  range.

When su b je c ts  were asked to  id e n tify  d isp la y s  where th ey  f e l t  

overwhelmed by th e  in fo rm ation  p resen ted , te n  su b je c ts  rep o rte d  such 

ex p erien ces. T h is occurred  on d isp la y s  th a t  p resen ted  b o th  m u ltip le  

hypotheses and su rp lu s  param eter in form ation  as  w ell a s  d isp la y s  th a t  

w ere composed o f te x t  and sym bols.
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D iscussion

The ra p id  developm ent and im plem entation o f com puter technology in  

th e  a re a  o f in te l l ig e n t  machines has surpassed  o u r knowledge o f th e  

ra m ific a tio n s  o f  such im plem entations. R esearch i s  needed in  th e  a rea  

o f hum an-octputer in te ra c tio n  th a t  ad d resses th e  s p e c if ic  issu es  

re le v a n t to  th e  im plem entation o f ex p e rt system  technology in to  th e  

e x is tin g  w orkplace. The c u rre n t re sea rch  p ro je c t was an in v e s tig a tio n  

o f d if f e re n t d isp la y  is su e s  a s  th ey  r e la te  to  th e  in tro d u c tio n  o f  an 

e x p e rt f a u lt  d ia g n o stic  system  in to  th e  ccnm ercial a i r c r a f t  p la tfo rm . 

The b a s ic  fin d in g s  suggest th a t  f a u lt  exp lanation  hypotheses should be 

p resen ted  in  th e i r  com posite form u sin g  a  p ic tu re -b ased  d isp la y  form at, 

w ith  only  th e  o u t-o f-to le ra n c e  param eter d a ta  p resen ted  in  o rd er to  

maximize p i lo t  response tim e and m inim ize p i lo t  e r ro r .

D isplay  S ty le

I t  was proposed th a t  o f th e  th re e  s ty le s  o f  d isp la y s  (p ic tu re - , 

sym bol-, and te x t-b ased ) s u b je c ts ' b e s t perform ance would r e s u lt  frcrni 

th e i r  u se o f th e  p ic tu re -b ased  d isp la y s  and th e ir  w orst perform ance 

would occur when th e  sym bol-based d isp la y s  were used . W hile th e se  

r e s u lts  were n o t d ir e c tly  su b sta n tia te d  by th e  a n a ly s is  and exam ination 

o f s u b je c ts ' response tim es and system  e r ro r  d a ta  fo r  D isplay S ty le , 

su pport was p rovided  from th e  D isplay S ty le  by H ypothesis P resen ta tio n  

S ty le  in te ra c tio n . Response tim es were found to  be f a s te r  fo r  th e  

p ic tu re-co m p o site  and th e  te x t-c a n p o s ite  d isp la y s  th a n  fo r  th e  symbol-
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com posite d isp la y s ; however, no d iffe re n c e s  were found between s u b je c ts ' 

response tim es to  th e  p ic tu re -c c n p o site  and tex t-com posite  d isp la y s . 

The la ck  o f d iffe re n c e  in  speed o f response i s  n o t su rp ri s in g  fo r  th e se  

two co n d itio n s . In  th e  tex t-b ased  d isp la y s  su b je c ts  s iitp ly  had to  read  

th e  name o f th e  abnormal subsystem (s) from th e  d isp la y  w hile  fo r  th e  

p ic tu re -b ased  d isp la y s  su b je c ts  had to  id e n tify  th e  p ic tu re -e lem en t 

rep resen tin g  th e  abnormal subsystem (s) which contained  seme te x t  a s  w ell 

a s  in t r in s ic  meaning. I t  i s  expected th a t had th e  p ic tu re -  

based /ccn p o site  d isp la y s  n o t contained th e  te x t  in fo rm ation , response 

tim es fo r  th e  te x t-b a se d  d isp lay s would have been f a s te r . T his i s  

because su b je c ts  d id  n o t have enough tim e to  o b ta in  adequate experience 

w ith  th e  p ic tu re  elem ents used in  th e  study  due to  th e  n a tu re  o f th e  

experim ental co n d itio n s.

I t  i s  expected th a t  w ith  ov erlearn in g  o f th e  p ic tu re  elem ents, 

s u b je c ts ' response tim es w ill improve ap p rec iab ly , w hile th e  response 

tim es fo r  te x t-b ased  d isp lay s would n o t be expected to  improve sin ce  

su b je c ts  would be expected to  be a lread y  a t  a  s ta te  o f o v erlearn in g . 

There i s  experim ental evidence th a t p rov ides a d d itio n a l su pport fo r  th i s  

conclusion s in c e  th e re  were no d iffe re n c e s  in  th e  response tim es fo r  th e  

d if fe re n t d isp la y  s ty le s  in  th e  m u ltip le  hypotheses co n d itio n  when th e  

p ic tu re -b ased  d isp la y s  d id  n o t co n ta in  any te x tu a l in fo rm ation . One 

would have expected response tim es to  be f a s te r  fo r  th e  tex t-b a sed  

d isp la y s  in  th i s  s itu a tio n  a lso . However, s in c e  th e re  were no 

d iffe re n c e s  ac ro ss th e  d if fe re n t d isp la y  s ty le s , th i s  sug g ests th a t 

fu r th e r  tra in in g  and experience w ith  th e  p ic tu re -  and sym bol-based
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d isp la y s  would r e s u l t  in  qu icker response tim es fo r  th a n  and n o t fo r  th e  

te x t-b a se d  d isp la y s , s in ce  ov erlearn in g  should have a lread y  occurred .

In  a d d itio n  to  fu r th e r  tra in in g , o p tim iza tio n  o f th e  p ic tu re  

elem ents should  r e s u lt  in  a d d itio n a l inprovanent in  s u b je c ts ' response 

tim es; w hereas, such improvements would n o t be expected in  subsequent 

m o d ifica tio n s o f  th e  tex t-b ased  d isp la y s , s in c e  th e  key elem ents, e .g . , 

w ords, would n o t be changed.

I t  was p re d ic te d  th a t  s u b je c ts ' response tim es would be slow est 

u sin g  th e  sym bol-based d isp la y s . T his hypo thesis was supported by th e  

D isplay s ty le  by H ypothesis P resen ta tio n  S ty le  r e s u lts  th a t  in d ic a te d  a 

lo n g er response tim e fo r  sym bol-based d isp la y s  u sin g  th e  c cn p o site - 

h y p o th esis p re se n ta tio n  s ty le . T his d iffe re n c e  may be a ttr ib u te d  to  th e  

in c lu s io n  o f te x t  in  th e  p ic tu re -c c n p o site  symbols which allcw ed 

su b je c ts  to  re ly  le s s  on th e i r  memories and more on th e  te x t  included  in  

th e  d isp la y .

Examining th e  in d iv id u a l cases in  th e  case by d isp la y  s ty le  by 

h yp o th esis p re se n ta tio n  s ty le  in te ra c tio n , i t  was in te re s tin g  to  n o te  

th a t  in  th e  sim p ler cases (A, B, C, and D), th o se  invo lv ing  on ly  one 

subsystem  and one o r two hypotheses, s u b je c ts ' response tim es d id  n o t 

s ig n if ic a n tly  d i f f e r  ac ro ss th e  d isp la y  s ty le  o r  hypo thesis p re se n ta tio n  

s ty le . However, when th e  amount o f inform ation  p resen ted  in  th e  

d isp la y s  in c reased , th e  number o f subsystem s in c reased  to  two o r th re e  

an d /o r th e  number o f hypo thesis in c reased , response tim e d iffe re n c e s
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o ccu rred . In  Cases E, F, G, and H, s u b je c ts ' response tim es were 

q u ic k est in  th e  p ic tu re -cc rap o site  and te x t-c c c p o s ite  co n d itio n s  and 

slow est in  th e  synfcol-m ultip le c o n d itio n s , p ro v id in g  fu r th e r  su p p o rt fo r  

th e  experim ental h y p o th esis.

The cam d ssio n  o f e r ro rs  was le s s  freq u en t in  th e  p ic tu re -  

ccn p o site  co n d itio n  th e n  in  any o f th e  o th e r c o n d itio n s ; hcw ever, e r ro r  

frequency was g re a te s t in  th e  p ic tu re -m u ltip le  c o n d itio n . When th e  

ty p e s  o f e r ro rs  su b je c ts  made in  th e  p ic tu re -b a se d  d isp la y s  w ere looked 

a t  in  g re a te r  det a i l  i t  was ap p aren t th a t  th e  u se  o f c o lo r  a s  th e  only 

in d ic a tio n  o f  th e  abnorm ally o p era tin g  subsystem  when a  le a k  occurred , 

was d i f f i c u l t  fo r  th e  su b je c ts . Q uestioning o f  th e  su b je c ts  rev ea led  

th a t  th e  c o lo rs  used to  re p re se n t th e  f lu id s  o f  th e  d if f e re n t subsystem s 

d id  n o t correspond to  th e  s u b je c ts ' ex p ec ta tio n s o f w hat th o se  co lo rs  

should  b e . S ince no c o n s is te n t c o lo r scheme was proposed and i t  i s  

expected th a t  th e  F ederal A eronautics A dm in istration  would n o t approve a 

c la s s  o f p ic tu re s  d if fe re n tia te d  s o le ly  by c o lo r, a  s e t  o f d isp la y  

elem ents need to  be developed th a t  e lim in a te  th e  so le  re lia n c e  on co lo r 

in  th e se  d isp la y s  and use th e  p ic tu re s  them selves to  d if f e r e n tia te  among 

th e  v a rio u s  subsystem s.

S u b jec ts p re fe rre d  th e  p ic tu re -b a se d  d isp la y s  2 to  1 over th e  te x t-  

based d isp la y s , and th e  te x t-b a se d  and sym bol-based d isp la y s  w ere th e  

le a s t  p re fe rre d  alm ost eq u a lly , 7 and 8 re sp e c tiv e ly . S u b jec ts rep o rted  

p re fe rr in g  th e  p ic tu re -b a se d  d isp la y s  because th ey  to o k  le s s  tim e to  

in te rp re t and w ere e a s ie s t to  id e n tify , w hile th ey  f e l t  th a t  th e  te x t-
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based d isp la y s  took  to o  long to  read  and th e  sym bol-based d isp la y s  

req u ire d  to o  much in te rp re ta tio n . S ince th e re  i s  a  c le a r  p referen ce  

tow ard th e  p ic tu re -b ased  d isp la y s  and reason  to  expect improvement w ith  

p ra c tic e  and d isp la y  o p tim iza tio n  th a t  i s  n o t expected w ith  th e  te x t-  

based d isp la y s , th e  a  p ic tu re -b ased  d isp la y  form at would appear to  be 

th e  lo g ic a l cho ice fo r  d isp la y  s ty le . These fin d in g s a re  su p p o rtiv e  o f 

th e  work o f Summers and E rickson (1984) and Way e t .  a l .  (1984) who have 

been a ttem pting  to  implement p ic tu re -b ased  d isp la y s  in  th e  co ck p it o f 

f ig h te r  a i r c r a f t .

When fu r th e r  re sea rch  to  g en era te  new p ic tu re  elem ents i s  

undertaken i t  w ill be im portant to  co n sid er hew th ey  r e la te  to  th e  o th e r 

d isp la y s  th a t  w ill be included  in  th e  co ck p it. W hile th i s  i s  seen  a s  a 

lim ita tio n  to  th e  c u rre n t re sea rch , i t  was undertaken anyhow w ithou t any 

co n sid erin g  o f o th e r concurren t d isp la y s  s in c e  th e y  a re  a s  y e t 

u n av a ilab le .

H ypothesis P resen ta tio n  S ty le

The com parison o f response tim es to  d if f e re n t hypo thesis 

p re se n ta tio n  s ty le s  was born from th e  com putational approach taken  by 

F a u ltfin d e r which g en era tes hypotheses to  ex p la in  d e tec te d  o u t-o f

to le ra n c e  co n d itio n s ( i .e .  f a u l t s ) . Two p re se n ta tio n  s ty le s  were 

c re a te d  in  o rd er to  add ress th i s  is su e . The m u ltip le  hy p o th esis s ty le  

was based on th e  assum ption th a t  p i lo ts  m ight be more in te re s te d  in  

in fo rm ation  on th e  in d iv id u a l hypo thesis th a t F a u ltf in d e r was w orking on 

a t  any g iven  tim e du ring  i t s  d ia g n o stic  com putations. T his s e t  o f
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d isp la y s  p rov ides inform ation  about ccnpcnents o f a  subsystem  th a t  could 

be producing th e  c u rre n t abnormal co n d itio n s. The ccn p o site  hypothesis 

p re se n ta tio n  s ty le  s in p ly  id e n tif ie s  th e  subsyst em where a  suspected 

f a u lt  has been d e tec ted  and does n o t address subsystem  components. 

C learly  th e  m u ltip le  hypotheses d isp lay s co n ta in  more in form ation , and 

one would expect th e i r  response tim es to  be g re a te r  (Goldsm ith, 1981). 

I t  i s  n o t th en  su rp ris in g  th a t  th e  re s u lts  o f th i s  study  s u b s ta n tia te  

th i s  ex p ec ta tio n . Response tim es, o v e ra ll, were c o n s is te n tly  f a s te r  in  

th e  ccn p o site  hypo thesis d isp la y s  (4.530 sec) ocnpared to  th e  m u ltip le  

h y po thesis d isp la y s  (5.370 s e c ) . Where d iffe re n c e s  occurred in  th e  p o st 

hoc te s t s ,  th e  response tim es fo r  th e  ccnpo s ite  hypo thesis d isp la y s  were 

c o n s is te n tly  f a s te r  than  th o se  fo r  th e  m u ltip le  hypo thesis d isp la y s.

The d iffe re n c e s  found between th e  two ty p es o f hypothesis 

p re se n ta tio n  s ty le  were n o t c o n s is te n t ac ro ss th e  d if fe re n t d isp lay  

s ty le s . The experim ental r e s u lts  in d ic a te  th a t  although s u b je c ts ' 

response tim es were f a s te r  in  th e  ccnposite  hypo thesis d isp la y s  fo r 

sym bol-based d isp la y  s ty le , th ey  were n o t s ig n if ic a n tly  f a s te r  in  a l l  

b u t one o f th e  m u ltip le  hypotheses cases (see F igure 5 and 6 ).

When asked th e i r  p referen ce between th e  two hypo thesis p re sen ta tio n  

s ty le s , p i lo ts  were s p l i t  evenly between th e  two, b u t th e  n o n -p ilo ts  

showed a  c le a r  p referen ce  fo r  th e  ccnposite  d isp la y s . D iscussion w ith  

seme o f th e  p i lo ts  in d ica te d  th a t they  f e l t  a need fo r  th e  speed 

a sso c ia ted  w ith  th e  ccn p o site  d isp lay s a s  w ell a s  a  need fo r  th e  

component inform ation  con tained  in  th e  m u ltip le  hypotheses d isp la y s . A
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v ia b le  so lu tio n  to  th i s  s itu a tio n , suggested  by a  few o f  th e  p i lo ts ,  i s  

to  in c lu d e  bo th  p re se n ta tio n  s ty le s  in  th e  in te r fa c e . A scheme fo r  th e  

a p p lic a tio n  o f th i s  suggestion  i s  to  p re sen t th e  com posite p re se n ta tio n  

s ty le  when a  o u t-o f-to le ra n c e  co n d itio n  i s  f i r s t  d e tec ted  and allow  th e  

p i lo t  to  sw itch  to  th e  m u ltip le  hypotheses d isp la y  fcy perform ing sane 

a c tio n  ( i . e . ,  p re ss  b u tto n , v o ice  command, e tc .)  when w orkload p erm its. 

Such a  scheme would allow  fo r  quick d e te c tio n  o f fa u lty  co n d itio n s 

du ring  c r i t i c a l  phases o f f l ig h t  (tak e o ffs  and land ings) through th e  use 

o f th e  ccn p o site  d isp la y s , and enable th e  p i lo t  to  access more s p e c if ic  

in fo rm ation  when w orkload i s  a t  a  more optimum le v e l fo r  d ec isio n  

making. T his i s  c o n s is te n t w ith  th e  suggestions made by K lein  and 

C alderw ood (1986) co n ce rn in g  th e  o p tim iza tio n  o f in form ation  

p re se n ta tio n  to  o p era to rs  in  tim e -c r itic a l s itu a tio n s  and a lso  w ith  th e  

su ggestions made by Schmit (1984) and Murphy and M itch ell (1986) to  

allow  p ilo ts  to  co n tro l th e  le v e l o f d isp la y  d e ta i l .

Param eter P resen ta tio n  S ty le

The r e s u lts  o f th e  c u rre n t study  shewed no o v e ra ll d iffe re n c e s  

between su b je c ts7 response tim es fo r  th e  two param eter p re se n ta tio n  

s ty le s . One s ty le  o f param eter inform ation  p re se n ta tio n  rep resen ted  

param eter in form ation  as  a  bargraph, w ith  a  need le in d ic a tio n  c u rre n t 

s ta tu s . The second ty p e  o f param eter p re se n ta tio n  rep resen ted  

in fo rm ation  a s  a  number w ith  background c o lo r and arrow  heads to  

in d ic a te  c u rre n t param eter s ta tu s . T his fin d in g  appears to  be th e  

r e s u lt  o f th e  form o f p re se n ta tio n  used in  th e  in v e s tig a tio n  ra th e r  than  

d iffe re n c e s  between th e  two types o f param eter d isp la y s  in v e stig a te d .
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The ta s k  o f  th e  sub ject: was to  id e n tify  th e  o p era tin g  s ta tu s  (norm al, 

abnorm al-high, o r  abnorm al-low) o f th e  in d iv id u a l param eters. Even 

though th e  appearance o f th e  two param eters d if f e r ,  th e  ta s k  th e  

su b je c ts  had to  perform  to  o b ta in  th e  o p e ra tin g  s ta tu s  o f  th e  param eter 

was v ery  s im ila r . For th e  bargraph d isp la y s , th i s  s in p ly  m eant lo c a tin g  

th e  p o s itio n  o f th e  w h ite  b a r  and id e n tify in g  th e  reg io n  o f th e  b ar 

where i t  was p o s itio n e d . In  th e  num erical v a lu e  d isp la y , su b je c ts  could 

sin p ly  id e n tify  th e  background c o lo r o f  th e  box (e a s ie r  to  do in  th e  

num erical v a lu e  d isp la y s  th an  th e  bargraph d isp lay s) and th en  look  a t  

th e  arrow head in  th e  re d  boxes (more d i f f i c u l t  th a n  fo r  th e  bargraphs) 

to  determ ine i f  th e  param eters were h igh  o r  low. Thus, th e  number 

p resen ted  in  th e  box was u n in p o rtan t to  th e  su b je c t and fo r  th e  most 

p a r t was ignored  by them . The req u ire d  response o f th e  su b je c t was 

e s s e n tia lly  th e  same fo r  th e  two ty p es o f th e  param eter d isp la y s  and so 

th e  la c k  o f  d iffe re n c e  in  response tim e . These c irc u ms ta nces would be 

d if fe re n t in  c u rre n t a i r c r a f t  co ck p its ; th e re  p i lo ts  have to  memorize 

c r i t i c a l  v a lu es fo r  th e  d if fe re n t param eter v a lu es based on th e  

d if fe re n t phases o f f l ig h t .  R ecall th a t  th e se  co n d itio n s can a t  tim es 

be d i f f i c u l t ,  s tra in in g  sh o rt-te rm  memory, and can r e s u l t  in  e r ro r .

P ilo ts  p re fe rre d  th e  bargraphs to  th e  num erical v a lu es f iv e  to  one. 

They rep o rte d  th a t  bargraphs were conducive to  re c o g n itio n  " a t-a -  

glance" and were easy  to  understand and in te rp re t. On th e  o th e r hard , 

numbers con tained  in  th e  num erical d isp la y s  req u ire d  m em orization and 

were unim portan t. I t  i s  recognized , however, th a t  th e re  w ill  be seme 

in sta n ces  where num erical v a lu es have some im portance to  th e  p i lo t ,  such
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a s  low o i l ,  fu e l, and h y d rau lic  q u a n titie s . I t  i s  reoannended, based on 

th e  experim ental r e s u lts  and s u b je c ts ' p re fe ren c es , th a t  bargraphs a re  

th e  a p p ro p ria te  cho ice fo r  in c lu s io n  in  th e  d isp la y s . However, i t  i s  

suggested  th a t  fu r th e r  re sea rch  i s  necessary  to  determ ine how and when 

i t  would be ap p ro p ria te  to  in c lu d e numbers in  param eter d isp la y s .

In form ation  P re sen ta tio n  S ty le

I t  was hypothesized th a t  su b je c ts  perform ance would be b e t te r  in  

co n d itio n s  where only  o u t-o f-to le ra n c e  in form ation  was included  in  th e  

d isp la y s  compared to  s itu a tio n s  where a l l  re le v a n t in fo rm ation  was 

p resen ted . The r e s u lts  o f th e  c u rre n t in v e s tig a tio n  suppo rt th is  

p re d ic tio n . S u b jec ts responded more q u ick ly  to  o u t-o f-to le ra n c e  only 

d isp la y s  (4.283 sec) th an  to  a l l  re le v a n t d isp la y s  (5.616 se c ) . This 

fin d in g  was c o n s is te n t ac ro ss th e  e ig h t t e s t  cases (see F igure 4 ). This 

h y po thesis i s  fu r th e r  supported by th e  fin d in g  o f th e  case  by 

in fo rm atio n  p re se n ta tio n  s ty le  by param eter p re se n ta tio n  s ty le  

in te ra c tio n . Where d iffe re n c e s  occurred , perform ance was f a s te r  fo r  th e  

o u t-o f-to le ra n c e  only  d isp la y s .

P ilo t  p re fe ren ce  was a lso  in  support o f th e  o u t-o f-to le ra n c e  only 

d isp la y s  (11 to  7 ). P ilo ts  p re fe rre d  th i s  ty p e  o f d isp la y  because they  

f e l t  i t  took  le s s  tim e to  id e n tify  th e  o u t-o f-to le ra n c e  param eters and 

d ec isio n s  could  be made q u icker when normal param eter in form ation , 

unnecessary  fo r  th e  d e c isio n , was e lim in ated  from th e  d isp la y . The 

fin d in g  th a t  s u b je c ts ' responses were q u icker in  th e  o u t-o f-to le ra n c e  

on ly  co n d itio n  a re  c o n s is te n t w ith  b a s ic  co g n itiv e  re sea rch  th a t  has
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dem onstrated th a t  response tim es a re  lo nger when a d d itio n a l in form ation  

i s  added to  th e  search  space, i t  i s  n o t c le a r  from th i s  in v e s tig a tio n  

what ro le  normal param eter inform ation  m ight p la y  in  p i lo t  d ec isio n

making in  more r e a l i s t i c  s e ttin g s . I t  i s  th e re fo re  suggested th a t  th e

d isp la y s  used in  F a u ltfin d e r be generated  based upon th e  o u t-o f-

to le ra n c e  only  p re se n ta tio n  s ty le ; however, fu r th e r  re search  needs to  be 

undertaken to  determ ine when i t  m ight be ap p ro p ria te  to  d isp la y

param eters th a t  a re  approaching abnorm ality  ( i .e .  in  th e  yellow ), a 

s itu a tio n  n o t addressed in  th e  p re se n t in v e s tig a tio n .
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C onclusions and Recommendations

The r e s u lts  o f th e  p re se n t in v e s tig a tio n  in d ic a te  th a t  fu tu re  

re sea rch  and developm ent o f th e  in te rfa c e  to  F a u ltfin d e r should 

co n cen tra te  on p ic tu re -b ased  d isp la y s . A lthough s u b je c ts ' responses to  

p ic tu re -  and te x t-b a se d  d isp la y s  w ere ccnparab le , i t  i s  f e l t  th a t  w ith  

o p tim iza tio n  o f th e  p ic tu re  elem ents and th e  subsequent o v erlea rn in g  o f 

th e se  elem ents w ill r e s u lt  in  narked inprovem ent in  response t i mes  and 

accuracy . C cnparable improvements cannot be expected  w ith  th e  

o v erlearn in g  o f te x t-b a se d  d isp la y s  s in c e  su b je c t f a m ilia r ity  w ith  th i s  

media should  be a  s ta b le  le v e l. The in t r in s ic  meaning a sso c ia te d  w ith  

p ic tu re s  allow s fo r  qu icker response tim e compared w ith  te x t ,  which 

re q u ire s  in te rp re ta tio n  to  o b ta in  meaning. T his r e s u l t  i s  c o n s is te n t 

w ith  p rev io u s re sea rch  comparing g rap h ic  and te x t  d isp la y s  (S h a rit, 

1985; S tem , 1984; T u llis , 1981).

F u rth e r re sea rch  in to  op tim izing  th e  p ic tu re  elem ents should 

co n sid er hew th ey  would in te ra c t w ith  th e  o th e r d isp la y s  th a t  w ill a lso  

be found in  fu tu re  g en era tio n  a i r c r a f t .  R esearch should  avoid  th e  use 

o f geom etric fig u re s  in  th e  d isp la y s  because, a s  i t  was p o in ted  o u t by 

seme o f th e  p ilo ts  in  th e  stu d y , such fig u re s  a re  used in  c u rre n t 

n av ig a tio n a l d isp la y s  and so  th e ir  u se in  o th e r system s could  r e s u l t  in  

u n d esirab le  confusion  among th e  d if fe re n t system s. R esearch i s  needed 

to  determ ine th e  ro le  th a t  te x t could  p lay  in  p ic tu re -b ased  d isp la y s  

s in ce  th e  c u rre n t r e s u lt  included  te x tu a l c lu e s  in  th e  p ic tu re -  

ccn p o site  d isp la y  elem ents.
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For th e  p re se n ta tio n  o f  th e  hypotheses generated  b y  F a u ltfin d e r i t  

i s  suggested th a t  fu r th e r  in v e s tig a tio n  be undertaken to  develop a  two 

stag e  p ro cess fo r  p re sen tin g  them to  th e  p i lo t .  The f i r s t  s ta g e  in  th e  

p rocess would be based on th e  ccn p o site  hypo thesis p re se n ta tio n  s ty le  

where on ly  subsystem s a re  id e n tif ie d  a s  f a u lts . The p i lo t  would th en  

sw itch  to  a  m u ltip le  hypo thesis d isp la y , one th a t  add resses subsystem

ccnpcnent f a ilu re , when co n d itio n s in  th e  co ck p it allow  fo r  i t .  The

method fo r  sw itch ing  between th e  two d isp la y s  i s  a  to p ic  fo r  subsequent 

re sea rch .

R esu lts  on param eter p re se n ta tio n  s ty le  d id  n o t re v e a l d iffe re n c e s  

between th e  two s ty le s  employed in  th e  stu d y . T his was f e l t  to  be a 

p roduct o f th e  methods used and n o t a  tru e  re f le c tio n  o f th e  is su e  a t  

hand. C urren t p ra c tic e  in  th e  a i r l in e  in d u stry  has been tow ards th e  use 

o f bargraphs o r  s t r i c t l y  q u a lita tiv e  d isp la y s  in s te a d  o f  num erical 

readou ts because o f th e  questioned  u sefu ln ess o f th o se  numbers. The 

p re se n t re sea rch  was unable to  address th i s  is su e  s in c e  th e  values 

included  in  th e  d isp la y  h e ld  no meaning fo r  th e  su b je c ts . I t  has

th e re fo re  been suggested th a t fu r th e r  re search  be undertaken to

determ ine th e  v ia b i l i ty  o f in c lud ing  num erical v a lu es in  bargraphs fo r  

c r i t i c a l  system  param eters.

F in a lly , th e  c u rre n t study  dem onstrated th a t  su b je c ts  were ab le  to  

perform  b e t te r  (qu icker response tim es) when only  th e  o u t-o f-to le ra n c e  

param eters were included  in  th e  d isp la y s , compared to  th e  in c lu s io n  o f 

a l l  re le v a n t param eters. T his re sea rch  was c o n s is te n t w ith  p rev ious
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re sea rch  in  th e  a re a  o f co g n itio n  and made in tu it iv e  sense in  th a t 

d isp la y s  th a t  included  g re a te r  degrees o f in fo rm ation  d e n s ity  had 

corresponding  in c re a se s  in  response  tim es. I t  i s  been suggested  th a t 

th e  in te r fa c e  to  F a u ltfin d e r in c lu d e  o u t-o f-to le ra n c e  param eters only 

a s  long a s  re se a rc h  in to  th e  in c lu s io n  o f param eters approaching 

abnorm ality  be undertaken  and th a t  some s te p s  be tak en  to  a ssu re  th a t 

th e  a l l  re le v a n t in fo rm ation  i s  a v a ila b le  to  th e  p i l o t  in  o th e r 

subsystem s d isp la y s  included  in  th e  co ck p it.

F u tu re re se a rc h  should  in c lude th e  a d d itio n  o f c h e c k lis ts  to  th e  

d isp la y s . The in c lu s io n  o f  a  c h e c k lis t w ill become c r i t i c a l  to  th e  crew 

when F a u ltf in d e r has narrow ed th e  number o f p o te n tia l f a u l t  causes to  a 

p o in t where a  reasonab le  response could  be addressed  th rough  a 

c h e c k lis t. O ther re le v a n t in fo rm ation , such a s  th e  id e n tif ic a tio n  o f 

in o p erab le  equipm ent and in form ation  about th e  n e a re s t s u ita b le  

a irp o r ts , may be ap p ro p ria te  fo r  in c lu s io n  in  th e  F a u ltf in d e r in te rfa c e  

and should  be addressed  by fu tu re  re sea rch  in  th i s  a re a .
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D isplays fo r  Case A 

R ight H ydraulic Pump F a ilu re
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P ic tu re  -  M u ltip le  Hypotheses
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Symbol -  Composite H ypothesis

(Appendix Continued)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Symbol - Multiple Hypotheses

(Appendix Continued)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Text - Composite Hypothesis

(Appendix continued)

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

(Appendix Continued)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

A9

Displays for case B 
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Picture - Canposite Hypothesis
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Symbol - Composite Hypothesis
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Right Fuel Leak
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Picture - Composite Hypothesis
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Picture - Multiple Hypotheses
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Symbol - Composite Hypothesis
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Text - Composite Hypothesis
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Displays for Case D 
Left Engine Fault
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Picture - Composite Hypothesis
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Picture - Multiple Hypotheses
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Symbol - Multiple Hypotheses
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Displays for Case E 
Left Engine Fault
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Picture - Composite Hypothesis
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Picture - Multiple Hypotheses
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Symbol - Composite Hypothesis
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Symbol - Multiple Hypotheses
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Text -  M u ltip le  Hypotheses
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D isplays fo r  Case F 

L eft Engine F a u lt and O il Leak
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P ic tu re  -  Composite H ypothesis
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Symbol -  Composite H ypothesis
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Symbol -  M u ltip le  Hypotheses
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D isplays fo r  Case G 

R ight Engine Eaialt and L e ft Fuel Leak
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P ic tu re  -  Composite H ypothesis
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P ic tu re  -  M u ltip le  Hypotheses
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Symbol -  Composite H ypothesis
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Symbol -  M u ltip le  Hypotheses
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T ext -  Composite H ypothesis
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D isplays fo r  Case H 

R ight Engine F a u lt, H ydraulic Leak, and O il le ak
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P ic tu re  -  Composite H ypothesis
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P ic tu re  -  M u ltip le  Hypotheses
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Symbol -  Composite H ypothesis
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Symbol -  M u ltip le  Hypotheses
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Text -  M u ltip le  Hypotheses
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Symbols used in  D isplays

Engine

C onposite Fan Com pressor

• •
Conposite Pimp Leak

Hydraulic A A
Conposite Punp Leak

♦ ♦
Conpos i te Punp Leak
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P ic tu re s  Used in  D isplays

Engine

C o n p o site  Fan C onpressor  C onbustor Turbine

Fuel A 1
Conposite Punp Leak

Hydraulic *
Conposite

G9 * ~

Punp Leak

Oil a §
Ccnpos i te Punp Leak
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Appendix D 

System S ta tu s  D isplay Issu e s  

A Study conducted by Don A llen  in  C ooperation w ith  

NASA-Langley R esearch C enter

The p re se n t study  i s  concerned w ith  c e r ta in  d isp la y  is su e s  th a t  a re  

re la te d  to  th e  p re se n ta tio n  o f subsystem  s ta tu s  in form ation  on CRT 

d isp la y s . H ie study  i s  th e  f i r s t  in  a  s e r ie s  o f s tu d ie s  in tended to  

in v e s tig a te  is su e s  re la te d  to  th e  in tro d u c tio n  o f advanced technology, 

p r in c ip a lly  e x p e rt system  technology, in to  th e  commercial tra n s p o rt 

a i r c r a f t  o f th e  fu tu re . I t  i s  im portan t to  be aw are o f th e  p re lim in ary  

n a tu re  o f th e  d isp la y s  you w ill se e . You a re  one o f th e  f i r s t  people to  

see  th i s  m a te ria l so  i t  may be u n fam ilia r to  you and may c o n f lic t w ith  

seme o f  th e  c u rre n t a i r l in e  p ra c tic e s  and FAA re g u la tio n s . P lease  keep 

an open mind when p a r tic ip a tin g  in  th e  study  and work a s  b e s t you can. 

Your perform ance a s w ell a s  your comments w ill be used to  re f in e  th i s  

m a te ria l fo r  fu tu re  s tu d ie s .

H ie d isp la y s  used in  th e  study  a re  based upon th e  ou tp u t from 

F a u ltfin d e r, a  f a u lt  d ia g n o stic  ex p ert system  fo r  commercial a i r c r a f t  

under developm ent a t  NASA-Iangley R esearch C enter. F a u ltfin d e r a tte n p ts  

to  d iagnose system  fa u lts  du ring  a i r c r a f t  o p e ra tio n . H ie s p e c if ic s  o f 

th i s  p ro cess a re  n o t im portant to  th e  p re se n t study , b u t i f  you a re  

in te re s te d  in  fu r th e r  in form ation  i t  w ill be made a v a ila b le  to  you a f te r  

th e  stu d y . F a u ltf in d e r m onitors system  s ta tu s  in form ation  to  d e te c t 

f a u lts  and id e n tify  o u t-o f-to le ra n c e  co n d itio n s . I t  does th i s  by

(Appendix CCritinued)
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g en era tin g  hypotheses th a t  account  fo r  th e  in form ation  th a t  i t  has 

g a th ered . The is su e s  addressed in  th i s  in v e s tig a tio n  focus on how b e s t 

to  d isp la y  th i s  in fo rm ation  to  th e  p i lo t .

The study  w ill be conducted in  th re e  p a r ts . Each p a r t w ill c o n s is t 

o f  a  s e t  o f d isp la y s  based on a  d if fe re n t s ty le  o f  inform ation 

p re se n ta tio n . The th re e  s e ts  o f d isp la y s  a re  based on th re e  d if fe re n t 

in fo rm ation  p re se n ta tio n  s ty le s ; te x t- ,  sym bol-, o r  p ic tu re -b ased . The 

te x t-b a se d  d isp la y s  ta k e  th e  form o f an alphanum eric d e sc rip tio n  o f th e  

c u rre n t a i r c r a f t  s ta te .  The sym bol-based d isp la y s  a re  based on 

geom etric fig u re s  th a t  re p re se n t th e  d if fe re n t a i r c r a f t  subsystem s and 

th e i r  components. The p ic tu re -b ased  d isp la y s  a re  composed o f icons th a t 

re p re se n t th e  d if fe re n t subsystem s. These w ill  be describ ed  in  g re a te r  

d e ta il  la te r .

S ince th e  s e t  o f d isp la y s  a re  in tended fo r  fu tu re  a i r c r a f t  th e  

senso r v a lu es used in  th e  study  a re  sp ecu la tiv e . When view ing th e  

d isp la y s  i t  i s  more im portan t fo r  you to  be aware o f th e  q u a lita tiv e  

co n d itio n  o f a  subsystem  param eter (abnorm al/norm al, lew /high) th en  seme 

s p e c if ic  senso r v a lu e . The d isp la y s  a re  in tended  to  re p re se n t a 

"snapshot" in  th e  p rocess o f f a u lt  developm ent. When con sid erin g  th e  

d isp la y s  you should en v isio n  th e  a i r c r a f t  a s  o p era tin g  a t  a  normal 

c ru is in g  a l t i tu d e  w ith  a l l  o th e r a i r c r a f t  system s o p era tin g  norm ally.

Your ta sk  w ill  be to  determ ine which o f th e  fo u r a i r c r a f t  subsystem s 

in  th e  study  a re  rep resen ted  in  th e  d isp la y  and then  to  id e n tify  them. 

The d isp la y s  w ill be p resen ted  on th e  com puter screen  in  fro n t o f you. 

In  an a c tu a l co ck p it th e se  d isp la y s  would be p re sen t in  con junction  w ith

(Appendix O otirued)
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o th e r subsystem  d isp la y  m onitors. For th i s  study  you should only  be 

concerned w ith  th e  in form ation  p resen ted  in  th e  generated  d isp la y s . A ll 

o th e r system  s ta tu s  in form ation  should be considered  norm al. Vfoen th e  

d isp la y  appears on th e  screen  you should determ ine th e  s ta tu s  o f th e  

a i r c r a f t .  T his should in c lu d e th e  number and ty p e  o f fa u lte d  subsystem s 

d isp lay ed  and th e  s ta tu s  o f th e  d if fe re n t system  param eters. When you 

have made th e se  determ inations you should depress th e  spaceb ar on th e  

keyboard. T his w ill cause th e  screen  to  go b lan k . You w ill  th en  be 

asked to  id e n tify  th e  d if fe re n t subsystem s rep resen ted  on th e  d isp la y  

and o ccasio n a lly  you w ill asked th e  o p era tin g  s ta tu s  o f a  p a r tic u la r  

subsystem  param eter. The tim e you need to  determ ine th e  s ta tu s  o f th e  

a i r c r a f t  w ill be m onitored so  i t  i s  in p o rta n t th a t  you work a s  qu ick ly  

a s  p o ss ib le . However, do n o t s a c r if ic e  accuracy fo r  speed. I t  i s  more 

in p o rta n t th a t  you c o rre c tly  id e n tify  th e  fa u lte d  subsystem  (s) th an  i t  

i s  fo r  you to  respond qu ick ly . For seme o f th e  d isp la y s  you w ill  be 

asked a  s e t  o f questio n s to  determ ine hew w ell th e  d isp la y  conveyed 

system  f a u lt  s ta tu s . These questio n s w ill be asked randomly during  th e  

t e s t  se ssio n s.

Each p a r t o f th e  experim ent w ill c o n s is ts  o f 64 d isp la y s  (This may 

sound lik e  a  lo t  b u t you should move through them ra p id ly ) . For setae o f 

th e  d isp la y s , se le c te d  a t  random, you w ill be asked seme q u estio n s about 

th e  d isp la y . These questio n s w ill concern c u rre n t system  s ta te ,  fu tu re  

system  s ta te ,  and p o te n tia l c o rre c tin g  a c tio n s . These q u estio n s a re  

a ttem p ts to  determ ine how w ell th e  system  s ta tu s  in form ation  has been 

p resen ted  and n o t an attem pt to  determ ine your knowledge o r  p ilo tin g

(Appendix Gcntirued)
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s k i l l s .  I t  i s  understood th a t th e  in form ation  th a t  you m ight need you 

add ress th e  questio n  in  reed f l ig h t  s itu a tio n s  would be con tained  in  a  

f l ig h t  m anual. P lease  a tte n p t to  answ er a l l  o f th e  q u estio n s to  th e  

b e s t o f your a b i l i ty . When faced  w ith  a  s itu a tio n  where you would 

re q u ire  a  f l ig h t  manual to  answer th e  q u estio n  p le a se  in d ic a te  th i s  to  

th e  experim enter. I f  you a re  n o t su re  b u t can make an educated  guess 

p le a se  fe e l f re e  to  do so , and in d ic a te  th a t  i t  i s  a  guess.

Each s e t  o f 64 d isp la y s  w ill be p resen ted  in  two b locks o f 32 w ith  a  

th re e  m inute b reak  between b lo ck s. One s e t  o f d isp la y s  w ill  ta k e  th e  

fo llow ing  form:

T his d isp la y  i s  a m u ltip le  hypotheses d isp la y . T his d isp la y  may co n ta in  

from 1 to  fo u r hypotheses generated  by fa u ltf in d e r  to  ex p la in  c u rre n t 

o u t-o f-to le ra n c e  co n d itio n . Each o f th e  hypo thesis d e sc rib e s  a  f a u lt  o r 

fa u lts  a s  th ey  r e la te  to  th e  components o f th e  a i r c r a f t  subsystem s used

(Appendix Crntirued)
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in  th e  study  (engine, o i l ,  h y d rau lic , and f u e l) . Each b lock  in  th e  

d isp la y  d e sc rib e s  one o f  th e  p o ss ib le  f a u lts  th a t  ejqplain th e  c u rre n t 

co n d itio n  o f th e  a i r c r a f t  ( in  th i s  case a  bad fu e l punp). You w ill be 

aaVcrf to  id e n tify  th e  subsystem s rep resen ted  by th e  ccnpcnents and n o t 

th e  in d iv id u a l f a u lts  them selves.

The second s e t  o f d isp la y s  w ill be in  th e  form o f a  conposite  

h y po thesis d is p la y . R ather th an  d isp la y in g  in d iv id u a l ccnponents, th e se  

d isp la y s  p re se n t th e  subsystem s th a t  a re  suspected  o f co n ta in in g  a  

f a u l t .  The elem ents o f  th i s  s e t  o f d isp la y s  re p re se n t subsystem s and do 

n o t add ress in d iv id u a l subsystem  ccnpone n ts  f a u lts .  An exanple o f a 

co n p o site  h y p o th esis d isp la y  i s  p resen ted  below:

(Appendix Ctntirued)
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A ll d isp la y s  w ill co n ta in  sane system  param eter in form ation . The 

lo c a tio n  o f  th i s  in form ation  w ill v a ry  depending on th e  two ty p es o f 

d isp la y s  d escrib ed  above. System param eter in form ation  w ill be 

p resen ted  e i th e r  w ith  q u a n tita tiv e  in fo rm ation  in  th e  form o f a 

num erical v a lu e  o r w ithou t th i s  in fo rm ation . Examples o f th e se  a re  

p resen ted  below:

W ithout With

Q u an tita tiv e  Q u an tita tiv e

Inform ation  Inform ation

The q u a n tita tiv e  in form ation  p resen ted  in  a  red  o r  green box depending 

on w hether th a t  v a lu e  i s  considered  norm al o r abnormal by F a u ltfin d e r. 

The green  box denotes normal o p e ra tio n , w hile th e  red  box denotes 

abnormal o p e ra tio n . When a  v a lu e  i s  considered  abnormal a  b lack  

arrow head w ill  appear nex t to  th e  number to  in d ic a te  w hether i t  i s  

abnorm al-high o r abnorm al-low (in  th e  d isp la y  HQ i s  abnorm al-lcw ). For 

th e  q u a lita tiv e  d isp la y s  th e  green a re a  re p re se n ts  normal o p era tio n  and

(Appendix O ntim ed)
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th e  two red  reg io n s re p re sen t abnormal h igh  and abnormal low o p era tio n . 

The yellow  reg io n s denote cau tio n  reg io n s between th e  two o p era tin g  

modes. The w hite b a r rep re se n ts  th e  o p era tio n  mode o f th e  v a lu e .

The amount o f param eter in form ation  w ill a lso  d if f e r . In  sane 

d isp la y s  only abnormal v alues w ill be p resen ted  w hile  fo r  o th e r d isp la y s  

a l l  o f th e  inform ation  re la te d  to  th e  c u rre n t f a u l t  w ill be d isp lay ed . 

The examples o f th e se  two s itu a tio n s  a re  d ep ic ted  below:

A ll R elevant Abnormal

V alues V alues

To recap . Your ta sk  in  th e  c u rre n t study  i s  to  determ ine th e  number and 

id e n tity  o f subsystem s involved in  th e  o u t-o f-to le ra n c e  co n d itio n  

id e n tif ie d  by F a u ltfin d e r. T his w ill invo lve view ing th e  d isp la y  and 

p ress in g  th e  spacebar when you understand what has been rep resen ted  in  

th e  d isp la y . A fte r you depress th e  spacebar you w ill be asked to  

id e n tify  th e  fa u lte d  subsystem s d ep ic ted  in  th e  d isp la y . Seme d isp la y s  

w ill be follow ed by an a d d itio n a l s e t  o f q u estio n s w hile o th e rs  w ill 

n o t. To con tinue on to  th e  nex t d isp la y  du ring  th e  study  sim ply h i t  th e  

ENTER key.

(Appendix Ocntirued)
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The ty p es o f  d isp la y s  you w ill see w ill v a ry . There a re  th re e  

m ajor s e ts  o f  d isp la y s : te x t - ,  sym bol-, and p ic tu re -b ased . W ithin each 

s e t  o f d isp la y s  th e i r  w ill be two b locks o f  32 d isp la y s . Cne b lock  w ill 

c o n s is t o f  d isp la y s  p resen ted  in  a  m u ltip le  hypothe se s  form and th e  

o th e r b lock  w ill c o n s is t o f 32 d isp la y s  p resen ted  in  a  conposite  

hyp o th esis form. The b locks w ill be p resen ted  se p a ra te ly  w ith  a  th re e  

m inute b reak  between them. The in form ation  p resen ted  in  each b lock  w ill 

d if f e r  in  th e  type o f param eter in form ation  (q u a n tita tiv e  v s 

q u a lita tiv e )  and th e  amount o f in form ation  ( re la te d  in form ation  and 

abnormal in fo rm atio n ).

T his study  w ill on ly  look a t  f a u lts  th a t  p e r ta in  to  fo u r a i r c r a f t  

subsystem s. These a re :

Engine *: For our purposes th e  engine (re fe rre d  to  a s  th e  power 

p la n t in  f l ig h t  manuals) w ill c o n s is t o f fo u r components: fan , 

com pressor, com bustor, and th e  tu rb in e . Each o f th e se  components 

could se rv e  a s  a  f a u lt  hypotheses in  th e  m u ltip le  hypotheses d isp la y s . 

F ive subsystem  param eters a re  used in  th e  study  to  d esc rib e  th e  

o p era tio n  o f th e  engine: N1 (speed o f lew p ressu re  com pressor), N2 

(speed o f th e  h igh  p re ssu re  com pressor), EER (engine p re ssu re  r a t i o ) , 

EGT (engine gas tem p era tu re ), and FF (fu e l flew ). Fuel flew  w ill be 

considered  both  a  p a r t o f th e  fu e l subsystem  and th e  engine s in c e  i t  

p lay s a  ro le  in  b o th  subsystem s.

H ydraulic Subsystem *: T his subsystem  c o n s is t o f  h y d rau lic  pumps 

and h y d rau lic  lin e s . Subsystem param eter in form ation  w ill be

(Appendix CCntirued)
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d ep ic ted  a s  h y d rau lic  p re ssu re  (HP), h y d rau lic  q u a n tity  (HQ), and 

h y d rau lic  tem peratu re (HT).

O ils  Subsystem *: L ike th e  h y d rau lic  subsystem  th e  o i l  system  

w ill c o n s is t o f  o i l  pumps and lin e s . Subsystem param eter in form ation  

w ill  be rep resen ted  a s  o i l  p re ssu re  (OP), o i l  q u a n tity  (OQ), and o i l  

tem peratu re (OT).

F uel Subsystem *: T his subsystem  c o n s is ts  o f fu e l pumps and fu e l 

lin e s . The fu e l subsystem  param eters a re  fu e l flew  (FF), fu e l 

p re ssu re  (FP), fu e l q u a n tity  (PQ), and fu e l tem perature (FT).

* The sen so rs th a t  g a th e r subsystem  in form ation  a re  a lso  su b je c t 

to  f a ilu r e . F a u ltfin d e r i s  a b le  to  reason  about p o te n tia l f a u lts  

o ccu rrin g  in  th e  sen so rs. A fa u lty  sen so r i s  rep resen ted  in  th e  d isp la y  

below. Here a  fa u lty  N1 sen so r i s  su spected .

(Appendix Ocntirued)
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T ext-based D isp lays 

T his s e t  o f  d isp la y s  i s  based on th e  alphanum eric p re se n ta tio n  o f 

system  f a u lt  in fo rm ation . These d isp la y s  w ill be composed o f b r ie f  

v e rb a l d e sc rip tio n s  o f th e  system  s ta te .  T his s e t  o f d isp la y s  w ill be 

composed o f m u ltip le  h y po thesis s itu a tio n s  th a t  w ill look  lik e  th e  

fo llow ing:

Note th a t  each o f th e  in d iv id u a l hypotheses id e n tif ie s  a  p a r t o f th e  

subsystem  th a t  would be a t  f a u lt  fo r  th e  c u rre n t s ta te  o f th e  subsystem . 

There may be seme cases where a  p a r tic u la r  system  s ta te  could  be th e  

r e s u l t  o f a  f a u l t  occu rrin g  in  more th an  one subsystem . I t  i s  th e re fo re  

in p o rta n t to  be su re  th a t  you id e n tify  a l l  subsystem s in  th o se  

in s ta n ces .

To h e lp  you become fa m ilia r  w ith  th e  m u ltip le  hypotheses 

alphanum eric d isp la y s  a  number o f example d isp la y s  have been prepared  

fo r  you to  work through. You should work through th e  s e t  in  th e  same
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manner you would th e  a c tu a l d isp la y s . Once again , you need to  look a t  

th e  d isp la y  and p re ss  th e  spacebar when you understand what has been 

rep resen ted  in  th e  d isp la y . The screen  w ill th en  go b lank  and you be 

askad to  id e n tify  th e  subsystem s th a t  have been rep resen ted  on th e  

screen . Seme o f th e  d isp la y s  w ill be follow ed by a  s e t  o f questions 

p e rta in in g  to  th a t  d isp la y . I f  you have airy q u estio n s new o r  during 

th i s  tr a in in g  se ssio n  p le a se  asked th e  experim enter. I f  you a re  ready 

to  proceed dep ress th e  ENTER key and begin .
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T ext-based D isplays 

H ie n ex t s e t  o f d isp la y s  a re  oaiposed o f  oco p o site  hypo thesis 

d isp la y s . A ty p ica l  te x t-b a se d  o c n ro s ite  hypo thesis d isp la y  w ill look 

l ik e  th e  fo llow ing:

U H l K N T i r i O  n iT

.
N otice th a t  r a th e r  than  a  d isp la y  o f  th e  in d iv id u a l h y p o th esis, th e  

d isp la y  co n ta in s th e  name o f th e  subsystem  (s) th a t  i s  suspected  o f being  

a t  f a u lt .

To h e lp  you become fa m ilia r w ith  th e  s e t  o f conposite  hypotheses 

alphanum eric d isp la y s  a  number o f exanple d isp la y s  have been prepared  

fo r  you to  work through . You should work through th e  s e t  in  th e  same 

manner you would th e  actu al d isp la y s  used in  th e  experim ent. once 

ag a in , you need to  look  a t  th e  d isp la y  and p re ss  th e  spacebar when you 

understand  w hat has been rep resen ted  in  th e  d isp la y . The screen  w ill 

th en  go b lank  and you be asked to  id e n tify  th e  subsystem s th a t  have been 

rep resen ted  on th e  sc reen . Seme o f th e  d isp la y s  w ill be follow ed by a  

s e t  o f q u estio n s p e rta in in g  to  th a t  d isp la y . I f  you have any q u estio n s 

now o r du ring  th i s  tra in in g  sessio n  p le a se  asked th e  experim enter. I f  

you a re  ready to  proceed depress th e  ENIER key and beg in .
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Symbol-based D isplays 

T his s e t  o f  d isp la y s  i s  based an th e  p re se n ta tio n  o f system  f a u lt  

in form ation  a s  sym bols. The d isp la y s  w ill be composed o f a  s e t  o f 

geom etric symbols th a t  w ill be used to  re p re se n t th e  fo u r subsystem s and 

th e ir  componen ts. The subsystem s and th e i r  a sso c ia te d  components a re  

p resen ted  below . Take sane tim e to  look them over.

Engine

Composite Fan Compressor Combustor Turbine

Fuel

Composite Punp Leak (orange)

H ydraulic

Composite Punp Leak (v io le t)

O il

Composite Punp Leak (black)
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D15
A ty p ic a l syntool-based m u ltip le  hypo thesis d is p lay w ill look  lik e  th e  

fo llow ing :

Note th a t  each o f  th e  in d iv idual hypotheses id e n tif ie s  a  p a r t o f th e  

subsystem  th a t  could be a t  f a u lt fo r  th e  c u rre n t s ta te  o f th e  subsystem . 

There may be seme cases where a p a r tic u la r  system  s ta te  could be th e  

r e s u l t  o f a  f a u l t  in  more than  one subsystem . I t  i s  th e re fo re  im portant 

to  be su re  th a t  you id e n tify  a l l  subsystem s in  th o se  in s ta n c e s .

To h e lp  you become fa m ilia r w ith  th i s  s e t  o f m u ltip le  hypotheses 

symbol d isp la y s  a  number o f  example d isp la y s  have been prepared  fo r  you 

to  work through . You should work through th e  s e t in  th e  same manner you 

would th e  a c tu a l d isp la y s  used in  th e  experim ent. Once ag a in , you need 

to  look  a t  th e  d isp la y  and p re ss  th e  spacebar when you understand  what 

has been rep resen ted  in  th e  d isp la y . The screen  w ill th e n  go b lank  and 

you be asked to  id e n tify  th e  subsystem s th a t  have been rep resen ted  on 

th e  screen . Some o f th e  d isp lay s w ill be follow ed by a  s e t  o f questio n s 

p e rta in in g  to  th a t  d isp la y . I f  you have any q u estio n s new o r during  

th i s  tra in in g  se ssio n  p le a se  asked th e  experim enter. I f  you a re  ready 

to  proceed d ep ress th e  ENTER key.
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Symbol-based D isplays 

The n ex t s e t  o f  d isp la y s  a re  orrposed o f  ocoposite hypothesis 

d isp la y s . Take tim e to  look  over th e  s e t  o f  subsystem  symbols again  

b e fo re  co n tinu ing . A ty p ic a l sym bol-based ocoposite  hypothesis d isp la y  

w ill look  lik e  th e  fo llow ing:

N otice th a t  r a th e r  than  a  d isp la y  o f th e  in d iv id u a l hypotheses, th e  

d isp la y  co n ta in s th e  symbol o f a  subsystem (s) th a t  i s  suspected  o f being 

a t  f a u lt .

To h e lp  you become fa m ilia r  w ith  th e  s e t  o f ocoposite  hypothesis 

d isp la y s  a  number o f  example d isp la y s  have been prepared  fo r  you to  work 

th rough . You should work through th e  s e t  in  th e  same manner you would 

th e  a c tu a l d isp la y s  used in  th e  experim ent. Once again , you need to  

look  a t  th e  d isp la y  and p re ss  th e  spacebar when you understand what has 

been rep resen ted  in  th e  d isp la y . D ie screen  w ill th en  go b lank  and you 

be asked to  id e n tify  th e  subsystem s th a t  have been rep resen ted  on th e  

sc reen . Seme o f th e  d isp la y s  w ill be follow ed by a  s e t  o f q uestions 

p e rta in in g  to  th a t  d isp la y . I f  you have any questio n s new o r  during  

th i s  tra in in g  se ssio n  p le a se  asked th e  experim enter. I f  you a re  ready 

to  proceed dep ress th e  ENTER key and beg in .
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D17
P ictu re-b ased  D isplays 

T his s e t  o f d isp la y s  i s  based cn th e  p re se n ta tio n  o f system  f a u lt  

inform ation  a s  p ic tu re s  o r ico n s. These d isp la y s  w ill be composed o f a  

s e t  o f p ic tu re s  th a t  w ill be used to  re p re se n t th e  fo u r subsystem s and 

th e i r  conponents. The subsystem s and th e i r  components a re  p resen ted  

below. T ate  some tim e to  look  them over.

Engine

Composite Fan Compressor Combustor Turbine

Fuel

Composite Punp Leak (orange)

H ydraulic

Composite Punp Leak (v io le t)

O il

Composite Punp Leak (black)
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A ty p ic a l p ic tu re -b ased , m u ltip le  hypo thesis d isp la y  w ill  look  lik e

Note th a t  each o f th e  in d iv id u a l hypotheses id e n tif ie s  a  p a r t  o f th e  

subsystem  th a t  could  be a t  f a u lt  fo r  th e  c u rre n t s ta te  o f th e  subsystem . 

There may be some cases where a  p a r tic u la r  system  s ta te  could  be th e  

r e s u l t  o f a  f a u lt  in  more th an  one subsystem . I t  i s  th e re fo re  im portan t 

to  be su re  th a t  you id e n tify  a l l  subsystem s in  th o se  in s ta n c e s .

To h e lp  you became fa m ilia r w ith  th i s  s e t  o f  m u ltip le  hypotheses 

symbol d isp la y s  a  number o f example d isp la y s  have been p repared  fo r  you 

to  work th rough . You should work through th e  s e t  in  th e  same manner you 

would th e  a c tu a l d isp la y s  used In th e  experim ent. Once again , you need 

to  look  a t  th e  d isp la y  and p re ss  th e  spacebar when you understand  what 

has been rep resen ted  in  th e  d isp la y . The screen  w ill th en  go b lan k  and 

you be asked to  id e n tify  th e  subsystem s th a t  have been rep resen ted  on 

th e  sc reen . Sane o f th e  d isp la y s  w ill be follow ed by a  s e t  o f q u estio n s 

p e rta in in g  to  th a t  d isp la y . I f  you have any q u estio n s new o r  du ring  

th i s  tra in in g  se ssio n  p le ase  asked th e  experim enter. I f  you a re  ready 

to  proceed depress th e  ENTER key an beg in .
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P ic tu re -b ased  D isp lays 

The n ex t s e t  o f  d isp la y s  w ill  be composed o f  o co p o site  hypo thesis 

d isp la y s . Take tim e to  look over th e  s e t  o f subsyst em p ic tu re  elem ents 

ag a in  b e fo re  co n tin u in g . A ty p ic a l p ic tu re -b ased , o co p o site  hypo thesis 

d isp la y  w ill  look  l ik e  th e  fo llow ing:

m n i f

N otice th a t  r a th e r  th a n  a  d isp la y  o f th e  in d iv id u a l hypotheses, th e  

d isp la y  co n ta in s  th e  p ic tu re  o f a  subsystem  (s) th a t  i s  suspected  o f 

being  a t  f a u lt .

To h e lp  you become fa m ilia r  w ith  th e  s e t  o f  com posite hypo thesis 

d isp la y s  a  number o f  example d isp la y s  have been prepared  f o r  you to  work 

th rough . You should work through th e  s e t  in  th e  same manner you would 

th e  a c tu a l d isp la y s  used  in  th e  experim ent. Once ag ain , you need to  

look  a t  th e  d isp la y  and p re ss  th e  spacebar when you understand  what has 

been rep resen ted  in  th e  d isp la y . The screen  w ill  th en  go b lank  and you 

be asked to  id e n tify  th e  subsystem s th a t  have been rep resen ted  on th e  

sc reen . Seme o f th e  d isp la y s  w ill  be follow ed by a  s e t  o f questio n s 

p e rta in in g  to  th a t  d isp la y . I f  you have any q u estio n s new o r during  

th i s  tr a in in g  se ssio n  p le a se  asked th e  experim enter. I f  you a re  ready 

to  proceed dep ress th e  ENTER key and beg in .
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Appendix E 

Q u estio n n a i r e

The follow ing q uestions deal w ith  th e  d isp la y s  you have ju s t  seen. 

They a re  an attem p t to  g e t your p re fe ren ces and to  o b ta in  any 

suggestions you may have concerning a lte rn a tiv e  d isp la y  s ty le s , o th e r 

is su e s  you fe e l need to  be add ress, and your g en era l comments.

1. Which o f th e  th re e  d isp la y  ty p es do you p e rfe r?  (1 -  b est)

  P ic tu re -b ase  D isplays

  Symbol-based D isplays

  Text-based D isplays

Why?_____________________________________________________________

Why d id  you d is lik e  th e  d isp la y  you ra te d  a s  "3"?

Can you suggest any a lte rn a tiv e  d isp la y  s ty le s?

Can you suggest any means fo r  im proving any o f th e  th re e  s ty le s  

used in  th e  s tu d y ? _____________________________________________

(Appendix Continued)
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2 .Which ty p e o f param eter do you p e rfe r?

  Q u a lita tiv e  Inform ation (bargraphs)

  Q u an tita tiv e  Inform ation (num erical values)

Why?___________________________________________________

Why d id  you d is lik e  th e  o th e r type?

Can you suggest any a lte rn a tiv e  ways to  d isp la y  th i s  inform ation?

Comments:

3. Which ty p e o f hypotheses d isp la y  ty p e  d id  you p e rfe r?

  Composite H ypothesis

  M u ltip le  Hypotheses

Why?__________________________________________________

Why d id  you d is lik e  th e  o th e r ty p e o f d isp lay ?

(Appendix Continued)
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Can you suggest any a lte rn a tiv e  ways to  d isp la y  th e  hypotheses?

Comments:

4 . Did you p e rfe r  th e  p re se n ta tio n  o f a l l  re le v a n t d a ta  o r  ju s t  th e  

abnormal da ta?

  D isp lay  o f A ll R elevant Data

  D isp lay  o f R elevant O ut-of-T olerance Data

Why?______________________________________________________________

Why d id  you d is lik e  th e  p re se n ta tio n  s ty le ?

Are th e re  o th e r ways to  segment th i s  inform ation?

Comments:

(Appendix Continued)
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5. Were th e re  any d isp la y s  th a t  you f e l t  overwhelmed b y ?   I f  y es,

p le a se  d esc rib e  th e  d isp la y .___________________________________________
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