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T h e Preci s o f  Projec t  N e m o ,  Phas e 1 : 

Subgoalin g an d Subschema s fo r  Submar iner s 

Wayne D .  Gray' ,  Susa n S .  Kirschenbaum S an d Bria n D .  Ehret ' 
'Huma n Factor s &  Applie d Cognitio n 'Nava l  Underse a Warfar e Cente r  Divisio n 

Georg e Maso n University ;  m/ s 3f 5 Cod e 2214 ,  Buildin g 1171/ 1 
Fairfax ,  V A 2203 0 Newport ,  R I0284 1 

{ g r a y ,  b e h r e t } © g m u . e d u k i r s c h @ c 2 2 3 . n p t . n u w c . n a v y . m i l 

Abst rac t 

Project Nemo examines the cognitive processes and 
representationa l  structure s use d b y submarin e 
Commanders whil e attemptin g t o locat e a n enem y 
submarin e hidin g i n dee p water .  Thi s repor t  provide s a 
preci s o f  th e firs t  phas e o f  thi s effort .  Protoco l  data , 
collecte d fro m commander s wit h 2 0 year s o f  submarin e 
experience ,  hav e bee n transcribe d an d analyzed .  Th e dat a 
sugges t  a  shallo w goa l  structur e wit h a  basi c leve l  o f 
subgoal s tha t  ar e use d b y al l  Commander s throughou t  th e 
task .  Relativel y fe w operator s ar e require d fo r  eac h 
subgoal .  Th e result s ar e congruen t  wit h a  schem a theor y 
interpretatio n i n whic h th e proces s o f  schem a 
instantiatio n provide s th e contro l  o f  cognition . 

Introduction/Significance 

The submarin e Approac h Office r  ( A O )  perform s th e rol e 
of  senio r  decisio n make r  durin g a n encounte r  wit h a 
hostil e target .  His '  jo b i n identifyin g an d locatin g enem y 
submarine s i s difficult ,  interesfing ,  an d important .  I t  i s 
difficul t  becaus e i t  require s locatin g a n enem y w h o i s 
hidde n i n th e vas t  an d acousticall y uncertai n environmen t 
of  th e ocean .  I t  i s  interestin g t o cognitiv e scientist s a s th e 
expertis e o f  A O s i s simila r  to ,  bu t  diffCTen t  fro m other , 
bette r  studied ,  type s o f  expertise .  Finally ,  whateve r  th e 
changin g natur e o f  warfare ,  locatin g hostil e target s i n a n 
uncertai n ocea n environmen t  i s a n importan t  jo b fliat  i s 
importan t  t o d o well . 

Thi s shor t  repor t  focuse s o n ou r  interest s a s cognitiv e 
scientist s i n th e A O s '  task .  I t  i s  th e pr6ci s o f  a  m u c h 
longe r  repor t  (Gray ,  Kirschenbau m &  Ehret ,  1997 )  tiiat 
summarize s th e protoco l  analysi s phas e o f  a n attemp t  t o 
understan d di e A O s '  tas k b y buildin g computationa l 
cognitiv e models .  Thes e analyse s hav e le d u s t o postulat e 
tha t  a  cognitivel y plausibl e simulatio n o f  A O bdiavio r 
must  incorporat e th e following : 

1)  A  relativel y fla t  goa l  hierarchy .  Ou r  analyse s suggest s 
2- 3 levels ,  certainl y whethe r  i t  i s  two ,  three ,  o r  eve n 
fou r  level s i t  canno t  b e 7 ,  8 ,  o r  9  levels . 

2)  A  smal l  se t  o f  basi c leve l  operators .  Ou r  analyse s 
suggeste d 9  operators .  Som e o f  thes e ma y nee d t o b e 
combined ,  wherea s other s ma y nee d t o b e subdivided . 
Whateve r  th e exac t  number ,  th e functionalit y o f  thes e 
9 operator s mus t  b e maintained . 

3)  A  subgoa l  leve l  that ,  togethe r  wit h th e operators ,  ma y 
be regarde d a s th e basi c uni t  o f  A O expertise .  Thes e 
subgoal s ar e use d wit h littl e modificatio n i n th e tw o 
mai n highe r  goal s L O C A L I Z E - M E R C an d L O C A U ZE -
SUB. 

4)  Relativel y fe w operator s pe r  basi c leve l  goal .  Ou r 
mean wa s aroun d four . 

Thes e conclusion s hav e lea d u s t o postiilat e a  large , 
domain-specifi c  schem a structur e (VanLehn ,  1989 )  tha t 
reside s i n lon g ter m memory .  Assumin g a n ACT-FT " 
(Anderson ,  1993 )  typ e productio n rul e architectiore ,  ead i 
goa l  cycl e mus t  conclud e b y returnin g a  chang e i n valu e 
fo r  on e o r  mor e schem a slots .  Th e schem a i s reevaluate d 
and tiie  result s o f  thi s reevaluatio n ar e use d t o selec t  th e 
nex t  productio n rul e tha t  fires.  Thi s requiremen t  implie s 
tha t  th e reevaluatio n i s subsymboli c an d i s not ,  typically , 
a consciou s process .  I n modelin g terms ,  i t  direct s th e 
selectio n o f  productio n rule s bu t  i s no t  itsel f  modele d b y 
productio n rules . 

Havin g give n ou r  conclusion s above ,  i n th e nex t 
sectio n w e inti-oduc e th e task .  Thi s i s followe d b y a  brie f 
discussio n o f  th e empirica l  an d analyti c methodolog y use d 
t o collec t  an d analyz e th e data .  W e the n summariz e th e 
dat a tiiat  support s point s 1-4 .  Th e schem a representatio n 
and it s us e i n th e contro l  o f  cognitio n ar e hypotiiese s 
base d upo n interpretin g ou r  conclusion s i n th e ligh t  o f 
existin g cognitiv e tiieory.  W e conclud e thi s pape r  wit h a 
shor t  discussio n o f  ou r  plan s fo r  testin g an d verifyin g 
fliese  hypotheses . 

The Mission, Scenario, and Situation assessment 

Th e par t  o f  flie  battl e Uia t  w e hav e studie d i s tiie  situatio n 
assessmen t  phase .  Situatio n assessmen t  i s  a  par t  o f  a 
scenari o which ,  i n turn ,  i s a  par t  o f  th e AO ' s mission . 
Th e missio n define s w h y th e submarine ,  an d it s crew ,  i s 
i n th e wate r  i n tiie  first  place .  Fo r  example ; 

Al l  cre w an d officer s onboar d submarine s ar e men . 
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A wa r  ha s broke n ou t  betwee n Russi a an d Ukrain e ove r 
contro l  o f  th e forme r  Sovie t  Navy .  Eac h natio n i s tryin g 
t o ge t  th e U.S .  involve d b y attackin g U.S .  shippin g wit h 
submarine s an d the n blamin g th e other .  Yo u ar e 
patrollin g i n th e easter n Caribbea n sea .  You r  missio n i s 
t o protec t  U.S .  shippin g lanes .  You r  order s ar e t o searc h 
and destro y an y enem y submarines .  Th e mont h i s Apri l 
and th e se a stat e i s 2 . 
A patro l  define d b y suc h a  missio n coul d tak e week s o r 

eve n month s t o complete .  Withi n thi s large r  mission ,  w e 
hav e define d scenario s tha t  begi n whe n th e A O assume s 
contro l  an d receive s a  statu s report .  Fo r  example ; 

STATUS REPORT. You hold a merchant bearing 300° but 
no subsurfac e contacts .  Th e broad-ban d rang e o f  th e da y 
fo r  a  subsurfac e contac t  i s  3- 6 thousan d yards . 
Intelligenc e ha s indicate d a n Alfa-typ e formerl y Sovie t 
Submarin e i s patrollin g i n th e area .  Ther e ar e n o friendl y 
submarine s i n you r  patro l  area . 
Thi s scenari o involve s searchin g unti l  th e enem y i s 

detected ,  obtainin g a  solutio n o n th e enemy ,  an d movin g 
t o firing  poin t  procedure s (i.e. ,  read y t o engag e th e 
enemy) .  A  scenari o coul d tak e hour s o r  eve n day s t o 
complete . 

Situatio n assessmen t  i s th e par t  o f  th e scenari o w e hav e 
studied .  I t  begin s afte r  th e enem y submarin e i s detecte d b y 
ownshi p (OS) .  I t  consist s o f  determinin g a  solutio n tha t 
identifie s ho w fa r  th e enem y i s fro m O S (rang e i n 
thousand s o f  yards) ,  it s  course ,  bearin g fro m O S ,  an d 
speed .  W h e n th e A O i s confiden t  o f  hi s solution ,  h e enter s 
i t  i n hi s compute r  an d goe s o n t o th e nex t  phas e o f  th e 
exercis e (firin g poin t  procedures) .  Th e situatio n 
assessmen t  phas e last s fi'om  ten s o f  minute s t o severa l 
hours . 

Tools for Situation Assessment 

The A O ha s a  variet y o f  tool s t o detec t  an d locat e th e 
enemy.  First ,  ther e ar e a  variet y o f  passiv e sona r  detector s 
tha t  ca n liste n fo r  differen t  soun d fi-equencies.  Knowin g 
when t o us e wha t  detecto r  t o searc h whic h frequenc y i s a n 
importan t  componen t  o f  th e AO' s experfise .  Secon d ar e 
change s t o O S speed ,  course ,  o r  depth .  Th e actio n chose n 
depend s upo n wha t  proble m th e A O i s tryin g t o solve . 
For  example ,  i f  h e believe s tha t  O S nois e i s maskin g th e 
signa l  fro m th e enem y S U B ,  h e ma y slo w down .  I f  h e 
believe s tha t  th e soun d transmissio n propertie s o f  th e 
wate r  ar e bette r  a t  a  differen t  depth ,  h e ma y rais e o r  lowe r 
th e dept h o f  OS .  I f  h e believe s tha t  th e dat a h e ha s gotte n 
i s a s goo d a s i t  i s  goin g t o get ,  h e ma y chang e cours e t o 
gai n additiona l  dat a b y viewin g th e situatio n fro m a 
differen t  angle .  Th e thir d se t  o f  tool s involve s stafisfica l 
processin g o f  th e data .  Processe d dat a i s provide d b y 
variou s algorithms .  S o m e o f  thes e ar e analogou s t o 
multivariat e analysis .  The y generat e parameter s tha t 
optimiz e th e curren t  bes t  fit  o f  th e dat a t o variable s suc h 
as range ,  speed ,  bearing ,  etc .  A s wit h an y suc h analysis , 
th e algorithm s wil l  happil y generat e best-esfimate s t o an y 
set  o f  data ;  however ,  th e estimat e fo r  an y give n paramete r 
may b e absurdl y unrealisti c o r  subtl y wrong .  A  larg e par t 
of  th e AO' s ar t  involve s comparin g hi s estimate s t o thos e 
generate d b y thes e algorithms . 

Situatio n assessmen t  require s th e A O t o intermi x an d 
interpla y thes e thre e set s o f  tool s (sonar ,  changin g O S , 
and statisticall y processe d data )  t o determin e a  solution . 
The interpla y amon g thes e thre e change s ove r  tim e a s 
nois y an d uncertai n dat a i s transforme d b y th e A O int o 
familia r  an d reasonabl e patterns . 

Summary 

Althoug h th e A O work s i n a  uniqu e environment ,  hi s 
situatio n assessmen t  tas k i s a  prim e exampl e o f 
informafio n processing .  Th e rationalit y principl e applie s 
and muc h o f  hi s behavio r  ca n b e characterize d a s searc h i n 
a proble m spac e (Card ,  Mora n &  Newell ,  1983 ;  Newel l  & 
Simon ,  1972) .  Lik e mos t  studie d form s o f  experfise ,  th e 
A O know s ho w t o appl y th e tool s availabl e t o transfor m 
th e curren t  stat e o f  th e proble m int o a  ne w state ,  unti l  th e 
desired ,  o r  goa l  stat e i s reached .  However ,  unlik e man y 
type s o f  studie d expertise ,  a  larg e par t  o f  wha t  th e A O 
does well ,  reside s i n hi s abilit y  t o recogniz e a  solufio n 
when h e ha s foun d one . 

Thi s characterizafio n o f  th e AO' s tas k implie s a n 
approac h t o analyzin g th e proces s o f  situatio n assessmen t 
tha t  look s a t  (1 )  th e elementar y informatio n operator s th e 
A O uses ,  (2 )  th e constraint s (goal s an d subgoals )  undC T 
whic h the y ar e applied ,  an d (3 )  th e natur e o f  th e schema s 
tha t  guid e th e selectio n o f  goal s an d enabl e th e A O t o 
recogniz e a  well-forme d solution . 

Methodology and Empirical Data 

The empirica l  dat a wa s collecte d fro m curren t  o r  forme r 
submarin e A O s a s the y attempte d t o find  a  solutio n t o on e 
or  mor e scenario s presente d o n th e Comba t  System s 
Engineerin g an d Analysi s Laborator y (CSEAL) ,  a 
simulatio n residin g a t  th e Nava l  Undenvato -  Weapon s 
Cente r  Divisio n New ĵor t  ( N U W C D I V N P T)  i n Newport , 
RI . 

Participants 

Al l  subject s use d i n th e stud y w a e Nava l  Commander s 
wit h th e exceptio n o f  on e subjec t  wh o wa s a  Captai n 
(select) .  Th e avaag e numbe r  o f  year s i n th e Nav y wa s 
20. 2 an d th e averag e numbe r  o f  year s spen t  a t  se a wa s 
11.4 .  Th e averag e numbe r  o f  month s sinc e subject' s las t 
tou r  o f  dut y prio r  t o tiie  stud y wa s 10. 3 months . 

Scenarios 

Al l  A O s wer e give n th e missio n statemen t  discusse d 
above .  Thi s wa s followe d b y a  statu s repor t  fo r  ead i 
scenario .  Th e A O wa s the n provide d informatio n regardin g 
th e course ,  speed ,  an d dept h o f  O S a t  th e star t  o f  ead i 
scenario ;  e.g. ,  cours e 190° ,  spee d 9  knots ,  an d dept h 40 0 
feet .  Thus ,  a t  th e beginnin g o f  a  scenari o th e A O s ha d 
confirme d contac t  an d bearin g informatio n o n a  merchant , 
kne w th e course ,  speed ,  an d dept h o f  O S ,  an d ha d no t 
detected ,  bu t  ha d intelligenc e informatio n regardin g th e 
nearb y presenc e o f  a  hostile ,  "alpha "  clas s submarine . 

Four  scenario s wer e developex l  an d use d tiiroughout  th e 
tw o stage s o f  th e mai n study .  I n developin g th e scenarios , 
th e researcher s solicite d th e advic e an d assistanc e o f 

284 



variou s N U W C D I V N PT personne l  o n issue s relatin g t o 
submarines ,  oceanography ,  an d C S E A L .  Th e resultin g 
scenario s wer e teste d an d refine d ove r  th e cours e o f  a  pilo t 
study . 

CSEAL Simulation 

C S E AL i s a  high-fidelit y simulatio n o f  th e ocea n 
environmen t  tha t  wa s develope d t o facilitat e th e creatio n 
of  variou s algorithm s an d instrumentatio n relevan t  t o th e 
detectio n o f  acousti c signal s i n th e ocea n (a n acousticall y 
nois y environment) . 

C S E AL support s a  dynami c O S whos e speed ,  depth , 
and cours e ca n b e change d a t  an y time .  C S E A L keep s 
U-ac k o f  thes e change s an d dynamicall y recompute s th e 
range ,  bearing ,  et c o f  th e targets .  I n addition ,  th e signal -
to-nois e rati o (SNR )  an d pat h o f  th e signa l  fro m th e targe t 
i s  continuall y update d t o reflec t  th e relativ e positio n o f  th e 
tw o vehicle s i n th e simulate d ocean .  Hence ,  althoug h w e 
used a  limite d se t  o f  scenarios ,  afte r  th e first  O S 
maneuver ,  eac h A O ha d a  functionall y differen t  scenario . 

Data Collection 

Al l  A O interaction s wit h C S E A L wer e mediate d throug h a 
compute r  operato r  w h o w e refe r  t o a s ow n shi p operato r  o r 
OS-op .  Thi s arrangemen t  ha d thre e advantages .  First ,  th e 
A Os di d no t  hav e t o lear n t o us e th e C S E A L interface . 
Second ,  o n boar d rea l  submarines ,  A O s d o no t  hav e a 
workstatio n an d al l  informatio n the y receiv e come s from 
variou s cre w members .  Th e a e w member s interac t  wit h 
th e instrument s an d fee d dat a t o th e A O .  Havin g th e O S -
op us e th e compute r  mimicke d thes e o n boar d 
anangements .  N o A O objecte d t o thi s arrangemen t  an d n o 
A O requeste d t o us e C S E A L himself .  Third ,  sinc e w e 
wer e intereste d i n wha t  informatio n th e A O s wanted ,  whe n 
the y wante d it ,  an d whe n the y receive d it ,  goin g throug h 
th e OS-o p mean t  tha t  muc h informatio n seekin g an d 
receivin g wa s verbalize d an d therefor e recordbd .  Videotape s 
recorde d th e scree n an d al l  A O an d OS-o p dialogue . 

Procedures 

Our  stud y proceede d throug h tw o stage s wit h 3  A O s a t 
each stage .  Th e majo r  differenc e betwee n stage s wa s th e 
use o f  fou r  3 0 mi n scenario s i n stag e 1  versu s tw o 6 0 mi n 
scenario s i n stag e 2 .  Onc e th e scenari o started ,  th e A O 
continue d i n fre e pla y mod e unti l  th e tim e expire d o r  unti l 
he ende d th e situatio n assessmen t  phas e b y beginnin g th e 
nex t  phase ,  fmn g poin t  procedures .  Al l  session s laste d 
betwee n 2  an d 3  hours . 

Protocol Encodings 

For  th e 3  A O s i n stag e 1  (wit h four ,  3 0 mi n scenarios) , 
we hav e encode d an d analyze d thei r  las t  2  scenarios .  Fo r 
th e 3  A O s i n stag e 2  (wit h two ,  6 0 mi n scenarios) ,  w e 
selecte d th e on e scenari o i n whic h w e ha d th e leas t 
technica l  problem s (i.e. ,  problem s wit h C S E A L )  and/o r  i n 
whic h th e A O achieve d th e bes t  solutio n (closes t  t o truth) . 

Opera to r s 

Each utteranc e an d actio n mad e b y th e A O an d OS-o p wa s 
encode d usin g thre e mai n categorie s o f  operators : 
information ,  shi p operations ,  an d other .  Th e informatio n 
categor y include s on e operato r  involve d i n seekin g an d 
tw o concerne d wit h acquirin g informatio n abou t  O S ,  th e 
merchan t  vessel ,  o r  th e hostil e submarine .  Shi p 
operation s include s fou r  operator s use d b y th e A O t o 
manage targe t  informatio n o r  chang e th e positio n o f  O S . 
The otherOp s categor y include s on e operato r  relate d t o th e 
usabilit y  o f  th e displays ,  a s wel l  a s on e tha t  encode s al l 
non-tas k relate d utterances .  Neithe r  o f  thes e otherOp s 
operator s ar e relate d t o th e situatio n assessmen t  task ,  pe r 
se. 

Goals 

The AO' s overal l  goal ,  a s provide d b y th e scenari o 
statement ,  i s  t o destro y th e hostil e submarine .  T o 
accomplis h thi s goa l  th e A O mus t  first  detec t  th e 
submarin e o n sona r  an d the n determin e it s bearing ,  rang e 
and course .  Althoug h th e A O wa s primaril y focuse d o n 
locatin g th e hostil e submarine ,  a n importan t  componen t 
of  situatio n assessmen t  entail s considerin g th e hostil e 
submarin e i n relatio n t o th e merchant .  (I s th e hostil e 
submarin e approachin g th e merchant ? I s th e merchan t  i n 
th e lin e o f  fu-e? )  Als o o f  importanc e i s keepin g trac k o f 
th e statu s o f  O S instrument s an d O S position .  W e hav e 
foun d a  three-leve l  goa l  hierarch y t o b e sufficien t  t o 
characteriz e th e basi c situatio n assessmen t  process .  Ou r 
five  level- 1 goal s are :  dettect-siib ,  localize-merc , 
LOCALIZE-SUB,  ENGAGE-SUB,  an d STATUS-OS.  O f  these , 
LOCALIZE-MERC an d LOCALIZE-SU B for m th e cor e o f  th e 
situatio n assessmen t  phase ,  dbtect-su b occur s prio r  t o 
th e star t  o f  situatio n assessment ;  engage-su b mark s th e 
end o f  situatio n assessment ;  an d status-o s ca n b e 
performe d a t  an y time .  Ther e ar e thirtee n level- 2 subgoal s 
tha t  fal l  int o si x majo r  type s (detaile d definitions , 
examples ,  an d discussion s o f  al l  goal s an d operator s ar e 
provide d i n Gra y e t  al. ,  1997) .  Th e thir d leve l  i n ou r 
hierarch y include s on e subgoa l  relate d t o softwar e 
usabilit y  issue s i n additio n t o th e relativel y rar e instance s 
i n whic h on e o f  ou r  1 3 level- 2 subgoal s ar e encode d a s a 
subsubgoa l  fo r  another . 

Pushing, Popping, and Successful Goal 
A c c o m p l i s h m e n t .  Ou r  analysi s presume s a  simpl e 
goal  stac k mechanis m i n whic h th e currentl y activ e goal s 
ar e organize d i n a  last-in ,  first-out  basis .  W h e n th e A O i s 
workin g o n a  level- 2 subgoal ,  th e goa l  stac k consist s o f 
tw o goals ,  wit h th e level- 1 goa l  o n th e botto m an d th e 
subgoa l  o n th e top .  Befor e anothe r  level- 2 subgoa l  ca n b e 
pushe d ont o th e goa l  stack ,  th e first  subgoa l  mus t  b e 
poppe d off :  onl y on e level- 2 subgoa l  ca n b e o n th e goa l 
stac k a t  an y on e time .  Sequence s o f  level- 2 subgoal s ar e 
not  obtaine d b y pushin g a  predetermine d serie s o f 
subgoal s ont o th e goa l  stack .  Rather ,  sequence s emerg e 
from  reevaluatin g th e schem a betwee n th e poppin g o f  on e 
subgoa l  an d th e selectio n (pushing )  o f  th e next .  ( W e hav e 
mor e t o sa y o n th e topi c o f  reevaluatin g th e schem a i n th e 
discussio n section. ) 
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I n ou r  encodings ,  a  goa l  m a y b e poppe d i n on e o f  tw o 
circumstances .  First ,  i f  i t  i s  interrupte d b y anothe r  goa l 
(e.g. ,  whil e tryin g t o ge t  a  mor e exac t  bearin g rat e o n th e 
merchant ,  th e A O notice s anothe r  targe t  bein g draw n o n 
th e waterfal l  display) .  Thi s i s a n event-drive n intrusio n 
int o th e AO' s goal-stack .  Second ,  i t  ma y b e poppe d i f  i t 
completes .  However ,  a  complete d goa l  (o r  subgoal )  i s  no t 
synonymou s wit h th e colloquia l  definitio n o f  a  successfu l 
goal . 

A complete d goa l  i s  on e tha t  return s som e informatio n 
t o th e schem a regardin g th e purpose s o f  th e goal .  Fo r 
example ,  th e level- 1 goal ,  de tec t - sub ,  ma y b e pushe d t o 
mar k th e AO ' s searc h throug h sona r  display s fo r  an y trac e 
of  th e hostil e submarine .  I f  n o trac e i s found ,  the n 
DETECT-SUB m a y b e poppe d and ,  e.g. ,  localize-mer c 
pushed .  Although ,  detect-su b di d no t  find a  hostil e 
submarine ,  th e searc h yielde d th e informatio n tha t  a t  th e 
presen t  time ,  t o th e limit s o f  th e instrumentatio n (variou s 
sona r  detectors )  ther e wa s n o hostil e submarin e withi n 
range .  Althoug h i n th e colloquia l  sense ,  th e goal , 
detect-sub ,  wa s no t  successful ;  i n ou r  sens e i t  wa s 
successfull y completed . 

The missio n i s successfu l  i f  th e enem y submarin e i s 
detecte d an d localize d wit h a  solutio n goo d enoug h fo r  th e 
A O t o m o v e int o th e firing  poin t  procedure s phase .  An y 
goal  pushe d durin g thi s missio n i s eithe r  complete d o r 
interrupted .  A s i n th e DETECT-SUB exampl e above ,  an y 
complete d goa l  m a y b e pushe d agai n later ,  t o obtai n 
update d informatio n regardin g th e purpose s o f  th e goal . 

Summary 

Thre e type s o f  dat a wo- e discusse d i n thi s section ; 
operators ,  goal s an d subgoals ,  an d th e informatio n 
returne d t o th e AO ' s schem a whe n a  goa l  i s  completed . 
Thes e dat a ar e proces s dat a an d a s suc h diffe r  fro m mor e 
typica l  outcom e dat a o r  accurac y data ;  tha t  is ,  rathe r  tha n 
bein g conten t  t o provid e som e overal l  summar y measur e 
of  A O performance ,  thes e analyse s attemp t  t o provid e a n 
explanatio n o f  th e AO' s obsCTve d action s an d over t 
behavio r  i n term s o f  mor e elementar y informatio n 
processes . 

Data Analysis and Results 

Validation of encodings 

Afte r  bein g transcribe d an d segmented ,  eac h protoco l  wa s 
independentl y encode d b y tw o individual s o r  teams ,  usin g 
th e operator s describe d above .  Cohen' s Kapp a correct s fo r 
chanc e agreemen t  an d yield s a  z-scor e tha t  estimate s th e 
probabilit y  o f  gettin g suc h agreemen t  b y chance .  Th e 
Kapp a score s fo r  ou r  matche s range d fro m 0.5 8 t o 0.7 6 
wit h z-score s tha t  range d fro m 16. 5 t o 30.0 .  Thes e ar e 
highl y significant ;  e.g. ,  a  z  o f  16. 5 woul d b e expecte d b y 
chance ,  les s tha n 0 .1 % o f  th e fime  ( p <  .001) .  Afte r  th e 
IR R wa s calculated ,  th e tw o encoder s me t  an d resolve d al l 
discrepancies . 

Encodin g th e goal s require d greate r  domai n knowledg e 
as wel l  a s greate r  complexit y o f  encoding .  Hence ,  si x o f 
th e nin e trial s wer e encode d durin g session s i n whic h thre e 

encoder s participated .  Eac h encode r  ha d worke d o n th e 
projec t  fo r  a  m in imu m o f  1 8 month s an d eac h ha d bee n 
activel y engage d i n th e transcription ,  segmentation ,  an d 
encodin g o f  th e operator s fo r  eac h trial .  Befor e convenin g 
thes e consensu s session s (sometime s refare d t o a s delph i 
sessions )  fo r  encodin g th e goals ,  w e estimat e tha t  eac h o f 
th e thre e encoder s ha d spen t  a  m in imu m o f  2 5 hour s o n 
eac h o f  th e 9  trials .  Durin g th e consensu s sessions ,  th e 
encoder s ha d acces s t o th e videotape ,  trut h files,  th e 
transcribe d an d segmente d protocols ,  a s wel l  a s th e 
encode d operators . 

Followin g th e consensu s encodin g o f  th e si x trials ,  th e 
remainin g thre e trial s wer e independentl y encode d b y tw o 
encoders .  Th e inter-rate r  reliabilitie s o f  thos e encoding s 
wer e significantl y greate r  tha n chanc e ( p <  .00 1 o r  less) . 
However ,  a s expected ,  th e mea n agreemen t  fo r  goal s 
(44% )  wa s les s tha n tha t  fo r  operator s (75%) . 

Cleaning the encodings 

Afte r  difference s ha d bee n reconcile d amon g encoder s w e 
had 42 1 goal s an d 2,88 2 operator s t o encod e th e 9 
scenario s fro m ou r  si x A O s .  Fo r  operator s th e larges t 
categor y o f  encoding s wa s OtherOps .  Thes e 1,44 5 
operator s represente d hal f  o f  th e 2,88 2 tota l  operators .  A s 
thes e operator s d o no t  contribut e t o th e AO' s situatio n 
assessmen t  process ,  w e hav e droppe d the m fro m fiirthe r 
analysis .  Likewise ,  non-tas k subgoal s an d thei r  operator s 
hav e als o bee n droppe d (refe r  t o Gra y e t  al. ,  199 7 fo r  mor e 
details) .  W e refe r  t o th e produc t  o f  thi s effor t  a s ou r  cka n 
set .  Thi s clea n se t  consist s o f  39 7 goal s an d 1,26 9 
operators .  I t  i s  th e se t  o f  encoding s use d i n al l  subsequen t 
analyses . 

Goals and Subgoals^ 

Our  focu s her e i s i n makin g sens e o f  th e diffCTence s 
withi n an d betwee n AO-trial s i n th e tw o mai n situatio n 
assessmen t  goals ,  localize-mer c an d localize-sub . 
Our  conclusion s ar e tha t  th e dat a see m inconsisten t  an d 
rando m a t  th e goa l  level ,  bu t  consisten t  an d meaningfu l  a t 
th e subgoa l  level .  (I n th e Summar y section ,  w e wil l  tr y t o 
make sens e o f  th e entir e patter n o f  data ,  goa l  a s wel l  a s 
subgoal ,  b y appealin g t o a  schema-base d explanatio n o f 
th e contro l  o f  cognition. ) 

Ther e i s nothin g consisten t  abou t  th e dat a whe n viewe d 
i n term s o f  LOCALIZE-MER C vs .  LOCALIZE-SU B goals . 
For  example ,  acros s al l  AO-trial s ther e ar e 3 3 localize -
mer c goal s vs .  4 4 localize-su b goals .  Likewise ,  th e 
tota l  duratio n pe r  AO-tria l  (3:4 1 mi n v s 23:4 0 min) ,  an d 
mean numbe r  o f  subgoal s (se e left-sid e o f  Figur e 1 )  pe r 
LOCALIZE-MERC v s .  LOCALIZE-SU B goal s differ ,  a s doe s 
th e numbe r  o f  operator s pe r  goa l  (20 8 versu s 906) . 

LOCALIZE-MERC an d LOCALIZE-SU B als o diffe r  i n ho w 
the y ar e use d b y individua l  A O s .  Fo r  example ,  subjec t  5 
i n eac h o f  hi s tw o 3 0 mi n trial s (s05tr 3 an d s05tr4) , 
pushe d mor e localize-su b an d localize-mer c goal s 
(1 3 i n eac h trial )  tha n di d subject s 8  (s08tr2) ,  9  (s09tr2) , 
and 1 0 (slOtrl )  i n thei r  on e 6 0 mi n tria l  (12 ,  5 ,  an d 8 

^  Fo r  eas e o f  exposition ,  level- 1 goal s wil l  b e referre d t o 
simpl y a s goals ;  level- 2 subgoal s a s subgoals . 
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respectively) .  Numbe r  wa s no t  correlate d wit h tim e as , 
e.g. ,  s0 5 spen t  a  tota l  o f  24:1 2 an d 23:3 0 mi n workin g o n 
thes e goals ;  wherea s s08 ,  s09 .  an d sl O spen t  44:04 , 
28:04 ,  an d 19:4 8 mi n respectively . 

subgoa l  pe r  goa l 

operators per subgoal 

XI 
E 
a 
B 

T 1  1  r 
LOC-MERC LOC-SU B LCX:-MHI C LOC-SU B 

Figure 1: Mean number of subgoals per goal (left two) and 
mean numbe r  o f  operator s pe r  subgoa l  (righ t  two )  fo r 
LOCALIZE-MERC an d LOCALIZE-SUB .  Als o show n ar e th e 
9 5 % confidenc e interval s fo r  th e standar d erro r  o f  th e mean . 

Fortunately, the apparent instablity and randomness of 
th e dat a a t  th e goa l  leve l  disappear s whe n viewe d a t  th e 
subgoa l  level .  Fo r  example ,  th e numbe r  o f  operator s pa -
subgoa l  doe s no t  diffe r  fo r  subgoal s o f  localize-su b 
versu s LOCALIZE-MER C (se e right-side  o f  Figur e 1) .  Thi s 
similarit y a t  th e subgoa l  leve l  hold s fo r  individua l 
subgoals ,  a s wel l  a s th e overal l  duratio n o f  subgoal s pe r 
goal .  Eve n mor e striking ,  a s show n i n Figur e 2 ,  withi n 
AO-trials ,  th e numbe r  o f  operator s pe r  subgoa l  doe s no t 
var y wit h goa l  (LOCALIZE-MER C v s LOCALIZE-SUB) .  (Th e 
plo t  o f  duratio n o f  subgoal s b y AO-trial ,  no t  shown , 
yield s a  simila r  overla p betwee n goals. )  Hence ,  th e 
number  o f  operator s pe r  subgoa l  a s wel l  a s th e duratio n o f 
subgoal s appear s t o b e constan t  betwee n WCALIZE-MERC 
vs LOCALiZE-stffi ,  bot h ove r  al l  AO-trial s (e.g. ,  se e 
right-sid e o f  Figur e 1) ,  a s wel l  a s withi n AO-trial s (e.g. , 
see Figur e 2) .  A s woul d b e expecte d b y thes e analyses ,  th e 
correlatio n betwee n tim e pe r  LOCALIZE-MER C an d numbe r 
of  subgoal s i s hig h ( r  =  0.79) ;  a s i s tha t  betwee n tim e pe r 
LOCALIZE-SU B an d numbe r  o f  subgoal s ( r  =  0.82) . 

Thes e dat a ar e consisten t  i n suggestin g tha t  th e 
variabilit y  observe d i n th e tim e t o perfor m leve l  1  goal s 
can b e attribute d t o systemati c difference s i n th e numbe r 
of  subgoal s use d b y eac h A O .  Give n tha t  (1 )  thes e dat a 
wer e collecte d vi a talk-alou d procedure s whil e th e A O s 
use d a  fre e rangin g simulation ,  (2 )  th e tas k i s a  knowledg e 
intensiv e attemp t  t o direc t  searc h i n an  uncertai n an d nois y 

environment ,  an d (3 )  ove r  hal f  o f  th e encode d utterance s 
had nothin g t o d o wit h th e tas k (OtherOps) ,  th e fac t  tha t 
so muc h o f  th e tim e t o d o a  goa l  ca n b e explaine d b y th e 
number  o f  subgoal s involve d seem s astounding .  Thi s 
suggest s tha t  exper t  performanc e i n a  comple x 
environmen t  doe s yiel d t o cognitiv e tas k analysi s 
technique s an d tha t  th e subgoa l  leve l  capture s bot h th e 
consistenc y an d difference s betwee n goal s an d experts . 

•a 10 ' 
o 

1 
I 

5-

- r 

•- -  LOCALIZ&MERC 

m LXXALE&SUB 

i ^ 

h 

-\  r 
rJ —• 

AO-tria l 

Figure 2; For each goal, the figure shows the mean number of 
operator s pe r  subgoa l  fo r  eac h A O trial .  Th e 9 5 % confidenc e 
interval s fo r  th e standar d erro r  o f  th e mea n ar e show n fo r 
LOCALIZE-SUB only .  Tli e confidenc e interval s fo r 
LOCAL IZE-MERC ar e no t  show n a s the y ten d t o b e large r  and , 
fo r  thre e AO-trials ,  woul d exten d beyon d th e grap h (primaril y 
due t o th e lo w numbe r  o f  subgoals ,  2-3 ,  pe r  LOCALIZE-MER C 
i n thos e trials) . 

Summary 
Th e protoco l  analysi s ha s provide d a  ric h sourc e o f  dat a 
tha t  raise s a  numbe r  o f  interestin g issue s fo r  th e contro l  o f 
cognition .  First ,  th e dat a sho w a  mea n o f  1. 5 subgoal s pe r 
eac h LOCALIZE-MER C versu s 5. 4 pe r  eac h LOCALIZE-su b 
goal  (se e left-han d sid e o f  Figur e 1) .  W e d o no t  interpre t 
thes e sequence s a s plan s o f  1. 5 o r  5. 4 subgoals ;  rathe r  w e 
interpre t  the m a s a n emergen t  propert y o f  reevaluatin g th e 
schema afte r  poppin g on e subgoa l  an d befor e pushin g th e 
next .  Th e fac t  tha t  suc h sequence s ar e longe r  fo r 
LOCALIZE-SUB tha n fo r  local ize-mer c i s see n a s a 
consequenc e o f  th e greatC T importanc e o f  localize-su b . 
Hence ,  decidin g wha t  subgoa l  t o pus h t o obtai n 
informatio n abou t  a  goa l  ca n almos t  b e considere d a 
situate d respons e t o th e curren t  stat e o f  th e schema .  Eac h 
subsequen t  subgoa l  i s  no t  pushe d t o execut e th e nex t  ste p 
i n som e maste r  pla n but ,  mor e simply ,  t o obtai n th e n o w 
most  importan t  piec e o f  missin g informatio n regardin g 
th e goal .  Congruen t  wit h thi s position ,  w e find  n o 
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evidenc e o f  sequentia l  dependencie s betwee n subgoal s 
(withi n goals) . 

Second ,  th e dat a doe s sho w strikin g consistenc y a t  th e 
subgoa l  level .  Withi n an d betwee n AO-trials ,  duratio n o f 
subgoals ,  an d th e numbe r  o f  operator s pe r  subgoal ,  i s 
constant .  Th e relativel y lo w numbe r  o f  operator s pe r 
subgoa l  (mea n o f  4.28) ,  sugges t  th e executio n o f  well -
known method s (i n th e sens e o f  Card ,  e t  al. ,  1983 )  rathe r 
tha n a  searc h throug h a  problem-space . 

The pictur e tha t  emerge s i s on e i n whic h contro l  o f 
cognitio n i s orchestrate d b y th e informatio n need s o f 
schema instantiation .  Thes e informatio n need s direc t  th e 
selectio n o f  th e goa l  (localize-mer c v s localize-sijb ) 
as wel l  a s th e subgoal .  Onc e a  subgoa l  i s  launche d 
(pushed) ,  a  short ,  well-rehearse d (bu t  adaptable )  sequenc e 
of  operator s i s execute d t o obtai n th e information .  Hence , 
by returnin g informatio n t o th e schema ,  th e subgoal s 
chang e th e schema ;  i n turn ,  re-evaluatio n o f  th e schem a 
lead s t o th e selectio n o f  th e nex t  subgoal . 

Conclusions & Current Status 

Our  lon g phas e 1  ha s ende d an d i t  i s fai r  t o sa y tha t  i t  wa s 
longe r  an d mor e difficul t  tha n w e ha d anticipated .  Th e 
reward s an d excitemen t  o f  analyzin g a  hithert o unstudie d 
for m o f  expertis e wa s pai d fo r  i n th e coi n o f  har d work , 
analysis ,  an d reanalysis .  Eve n wit h a  well-explore d 
expertise ,  th e cost s o f  transcribing ,  segmenting ,  an d 
encodin g si x hour s o f  multimedi a protoco l  dat a woul d 
hav e bee n considerable .  Tha t  th e AOs '  tas k i n man y way s 
appear s simpl e an d eas y t o explai n wa s simpl y 
misleading .  Lik e muc h expertise ,  th e apparen t  simplicit y 
was bough t  a t  th e cos t  o f  20 + year s o f  har d wor k an d 
training .  Jus t  a s th e Olympi c dive r  make s th e perfec t  div e 
appea r  effortles s an d graceful ,  s o to o di d ou r  A O s mak e 
th e menta l  calculu s require d fo r  situatio n assessment .  I n 
bot h cases ,  th e swea t  an d year s o f  har d wor k i s conceale d 
fro m th e spectator . 

Thi s first  phas e o f  Projec t  N e m o (Gra y e t  al. ,  1997 ) 
tackle d th e tas k o f  studyin g a n esoteri c for m o f  expertis e 
usin g a n approac h tha t  treat s exper t  performanc e a s a  typ e 
of  proble m solvin g involvin g searc h i n a  proble m spac e 
(Ericsso n &  Smith ,  1991) .  A t  present ,  w e believ e tha t  w e 
hav e approache d th e limit s o f  ou r  curren t  dat a set ;  that , 
althoug h ou r  AO-tria l  protocol s hav e bee n ver y fruitful , 
the y hav e yielde d abou t  a s man y insight s a s the y will . 

Key issue s fo r  th e nex t  phas e revolv e aroun d ou r  us e o f 
schemas a s a n explanator y construct .  VanLeh n (1989 ) 
discusse s thre e phase s o f  schem a use ;  selection , 
instantiation ,  an d execution .  Fo r  ou r  AOs ,  selectio n an d 
executio n ar e straigh t  forward ;  bot h ar e determine d b y 
militar y doctrin e an d year s o f  practic e an d experience . 
Situatio n assessmen t  seem s t o involv e schem a 
instantiation .  Equatin g schem a instantiatio n wit h 
situatio n assessmen t  require s a  variet y o f  claim s regardin g 
th e processin g an d representatio n o f  knowledge . 

The nex t  tw o step s i n thi s researc h effor t  ar e clear .  Tw o 
type s o f  convergin g evidenc e ar e require d t o suppor t  ou r 
protocol-base d conclusion s regardin g th e AG' s possessio n 
of  schem a an d th e rol e tha t  schem a instantiatio n play s i n 
th e contro l  o f  cognition .  On e typ e o f  evidenc e need s t o 
come fro m a  sufficienc y tes t  o f  th e postulate d cognitiv e 
processing .  Th e mos t  stringen t  o f  suc h sufficienc y test s 
comes fro m th e developmen t  o f  computationa l  cognitiv e 
model s o f  th e AO .  Th e secon d typ e o f  convergin g 
evidenc e need s t o com e fro m empirica l  dat a tha t  test s th e 
representationa l  assumption s w e hav e made .  Who-ea s 
thes e tw o step s ma y appea r  relativel y independent ,  i n 
realit y ther e shoul d b e a n intens e cross-tal k betwee n them . 
Even i f  th e broa d stroke s w e hav e painte d ar e correct ,  ther e 
ar e man y detail s t o b e worke d out .  I n commo n wit h th e 
AOs'  task ,  w e expec t  ou r  wor k t o b e difficult ,  interesting , 
and important . 
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