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Ihi s pape r  addresse s th e proble m o f  hou r  t o 
coipoe e procedure s tha t  student s ca n easil y lear n 
and rentenijer .  Th e ultimat e goa l  o f  thi s endeavo r 
i s t o develo p a  se t  o f  principle s t o guid e th e 
ccnpositio n o f  procedures .  A t  presen t  w e hav e 
buil t  a  se t  o f  analyti c tool s an d a  se t  o f 
hypothese s abou t  th e natur e o f  procedura l  learnin g 
tha t  ca n b e aipiricall y tested .  Vf e cam e t o thi s 
topi c b y vgi y o f  a n examinatio n o f  th e instructio n 
i n a  nav y sdnco l  tha t  teache s student s ho w t o 
solv e relativ e notio n problen B wit h a  jo b ai d 
calle d th e maneuverin g board .  Ih e procedure s 
t a u ^  seone d t o u s t o b e confusing .  Ws bega n b y 
attaiiJtin g t o ranrit e the m an d a s w e di d so ,  v « 
attenpte d t o b e specifi c  abou t  ou r  cai?>laints ,  an d 
abou t  ou r  attenpte d solution s t o th e problem s w e 
saw.  B :  becam e clea r  ijimediatel y tha t  Ehglis h 
lack s th e precisio n require d t o unandsigucusl y 
represen t  th e procedures .  ^  orde r  t o provid e a 
notatio n fior  th e procedures ,  w e develope d th e 
Maneuverin g Boar d Siulatio n languag e (MABQ,) .  Wit h 
MABEL w e coul d b e specifi c  abou t  th e natur e o f  th e 
step s whic h ccnpris e th e procedur e an d als o abou t 
th e relation s amon g th e step s i n th e procedure . 
Ihi s specificit y permitte d u s t o propos e measures 
on v M c h th e alternativ e procedure s for  accom -
plishin g a  particula r  tas k coul d b e conparad . 
The naneuvering board is a job aid that 
represent s th e motion s o f  ship s relativ e t o eac h 
othe r  i n a  wa y tha t  support s conputation a tha t 
predic t  th e consequence s o f  possibl e futur e 
action s {includin g n o actio n a t  all )  t o b e take n 
by th e ships .  Ih e naneuverin g boar d itsel f  i s  a 
shee t  o f  p^)e r  printe d wit h a  pola r  coordinat e 
plo t  (azimut h grid )  an d variou s scale s tha t  ca n b e 
use d i n plottin g range s an d bearings .  Problan s ar e 
solve d o n th e maneuverin g boar d b y plottin g 
points ,  an d drawin g line s an d vector s v M c h 
represen t  aspect s o f  ships '  motion s (IM A 1975) . 
Ih this pi9>er we will deal with a portion of 
onl y on e o f  th e nan y problem s tha t  ar e solve d o n 
th e naneuverin g board ,  th e Closes t  Boin t  o f 
Approac h (CEA )  problem .  I n thi s procedure ,  th e 
relativ e notio n o f  a n observe d shi p i s plotted , 
and th e bearing ,  range ,  an d tim e o f  th e closes t 
poin t  o f  approac h betwee n th e tw o ship s i s deter -
mined .  I f  i t  i s  determine d tha t  th e ship s wil l 
pas s close r  t o eac h othe r  tha n i s desired ,  action s 
wil l  hav e t o b e take n t o ensxir e a  saf e separation . 
Thos e action s wil l  b e base d o n othe r  oonputation a 
performe d o n th e naneuverin g board . 

Qr^atin g a  representatio n languag e 

The main issue in designing a language is 
findin g th e r i ^ t  "grain "  (Moor e an d Cfewel l  1974) , 
i.e. ,  th e righ t  leve l  o f  detail .  A  representatio n 
languag e fo r  th e naneuverin g boar d tha t  include d 
th e penci l  ccmin g i n contac t  wit h pape r  fibe r  an d 
depositin g cartoo n granule s waul d b e ciarberscro e an d 
unenlightening ,  v«*iil e on e a t  th e sam e leve l  o f 
abstractio n a s Ehglis h fail s  t o captur e ijiportan t 
distinctions . 
The language we have designed vafl built 

Turdln g t o th e followin g constraints : 

1) it would not include any appeal to the 
rea l  warl d o r  t o th e goal s t o b e 
achieved .  Thus ,  ther e i s n o operato r 
fo r  "Fin d closes t  poin t  o f  ̂ :proach. " 
The operator s ar e al l  withi n th e >orl d 
of  th e maneuverin g boar d itself . 

2) it would not include any nention of the 
actua l  physica l  tool s involved .  Thus , 
ther e i s n o mentio n o f  pencils ,  paralle l 
rule s o r  dividers . 

We cal l  thi s languag e MABEL,  fo r  MAneuverin g 
Boar d Hnulatio n language .  Th e object s i n MABEL 
includ e points ,  severa l  type s o f  line s (scales , 
segments ,  rays ,  vectors) ,  circles ,  nunber s 
(speeds ,  distances ,  time s an d angles) ,  an d turn s 
(lef t  an d r i c ^ ) .  MABEL ha s onl y geometri c opera -
tors .  Althouc ^  som e operator s involv e fairl y  com -
ple x geanBtri c activit y (e.g .  INTEESBCTdin e cir -
cle) ,  TSAtBtATECline ,  point)) ,  no t  al l  gecmetri c 
oonstructicn s ar e included . 
T&ak analysis 
Depend«icy analysis 

A dependency analysis constructs a graph 
representin g v*a t  step s o f  a  procedur e dqaen d o n 
othe r  stepe .  A s a  trivia l  exanple ,  w e can' t  fin d 
th e distanc e fro m th e referenc e sihi p t o th e 
closes t  poin t  o f  approad i  (CEA )  unti l  w e firs t 
fin d th e locatio n o f  th e CF A point .  Hanc e w e sa y 
tha t  th e distanc e deteminin g ste p d^iend s e n th e 
CPA plottin g step . 
The dependency analysis reveals the cor*-
straint s o n ste p orderin g tha t  ar e ijipose d b y th e 
natur e o f  th e tas k itself .  I t  define s th e se t  o f 
procedure s ocaipose d o f  th e give n step s tha t  ca n 
actuall y produc e th e desire d result .  Among th e 
members o f  thi s set ,  san e procedure s fee l  nor e 
natura l  o r  meaningfu l  tha n others .  Ch e propert y o f 
procedure s tha t  make s the m meaningfu l  i s  th e 
organizatio n o f  goal s an d actions . 
Gbal-actio n analysi s 

Tb make the goal structure of a procedure 
explicit ,  w e d o a  goal-actio n analysis .  A  goal -
actio n analysi s create s a  tre e vAios e to p nod e i s 
th e goa l  t o b e satisfied .  Uide r  thi s nod e ar e 
othe r  node s rqjresentin g th e goal s tha t  hav e t o b e 
achieve d i n orde r  t o satisf y th e to p goal . 
Finally ,  attache d t o eac h goa l  ar e th e action s t o 
be don e onc e th e subgoal s ar e achieved .  A  goa l 
analysi s i s typicall y nor e specifi c  an d therefor e 
more constrainin g tha n th e dependenc y analysis . 
Below is a goal-action tree for finding the 
bearin g o f  th e CPA. 
Gbal: bearing of CPA (BC) 

Goal :  Directio n o f  Relativ e Movement  (ERM ) 
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•(bal :  Lin e o f  Maverwi t  (UM ) 
Qaal :  ̂ Q 
Action :  PL0T(B1 ,  Rl ,  (Hm ) 
Cbal :  M2 
Action :  PLOT(B2 ,  R2 ,  OlID ) 

Action:  RA1((M1 ,  M2 ) 
Action :  TSArBIATECLCM,  P:a: )  - > L:EE M 

INTEBSECT(L:I3»1 ,  P:( D • > P:CB M 
READVALtE(P:nw )  » > EP M 

Action :  ADtHEPM,  +/ -  90 ) 
Measuring Obal-Action Seguencea 
A goal-action sequence is a linearization of 
a goal-actio n forest.  Th e sequenc e specifie s v*ie n 
eac h goa l  if l  initiate d (i.e. ,  viie n v*3r1 c e n th e 
goa l  begins )  ^ 3 vTie n eac h actio n i s execute d 
(i.e. ,  v4)e n th e actio n i s perfomBd) .  l b generat e 
a sequenc e fro n a  forest ,  v m selec t  sem e goa l  nod e 
i n san e tre e t o b e th e firs t  on e i n th e sequence . 
Afte r  that ,  vi « ca n g o t o an y nod e i n th e fores t 
and selec t  it s  goa l  o r  actio n ocnfjonent ,  subjec t 
onl y t o th e followin g ocnstxaints : -Th e goa l  o f  a  nod e itus t  b e initiate d 
th e actio n o f  tha t  nod e ca n 

be done . 

befor e 

v«ars e tha n a  larg e EF G becaus e th e action s tha t 
ar e pendin g hav e t o b e don e i n th e ri^t t  orde r  an d 
thi s orde r  i s opposit e t o th e orde r  i n v*uc h th e 
goal s appeared . 

Distance lb Usage (DTU) is a measure of the 
distanc e betwee n th e calculatio n o f  a  resul t  an d 
th e firs t  us e o f  tha t  result .  Eb r  a  sequence ,  th e 
QLstanc e l b Iteg e i s define d t o b e th e maxijiu n o f 
th e DIt b fo r  it s  actions .  Distanc e Ob i;bag e 
shoul d b e minimize d i n sequences .  Th e longe r 
usag e i s pu t  off ,  th e itor e intervenin g result s 
ther e are ,  an d th e mor e likel y tha t  th e wron g 
resul t  wil l  b e used . 
Tb illustrate the application of these meas-
ure s MB presen t  excerpt s fro n tM O variant s o f  th e 
CPA procedure .  Th e firs t  oome s fro n th e instnoe -
tio n manua l  use d i n a  nav y trainin g cours e 
(FCTCPAC,  1980) ,  an d th e amcai a i s on e o f  severa l 
alternative s w e ahv e investigated ,  l i  th e pro -
cedur e tauc ^  i n th e schoo l  th e st^> s v*u.c h acocm -
plis h th e part s o f  th e overal l  soultio n ar e mixe d 
together .  Belo w i s th e portio n o f  th e goal-actio n 
tre e fo r  findin g th e bearin g o f  th e CPA accordin g 
t o th e schoo l  procedijre . -Ujwe r  action s i n on e tre e nus t 

befor e hi^ie r  actions . 
be execute d EFG 

I f  th e goal-actio n sequence s ar e t o b e con -
verte d int o coopute r  prograns ,  the n th e orde r  i n 
Kiuc h thing s ar e don e reall y doesn' t  natter ,  a s 
lon g a s th e oonstraint s give n ar e satisfied .  Bu t 
i f  th e sequence s ar e t o becon e instruction s fa r 
peopl e t o read ,  follow,  learn ,  an d s o on ,  the n th e 
oonstraint s fai l  t o tak e int o accoun t  th e limit s 
of  th e short-tetn i  manoc y o r  th e organizatio n o f 
long-ter m inanory .  Sttuitively ,  w « ca n fee l  tha t  a 
sequenc e o f  instruction s tha t  hoppe d randcml y fro n 
one subgoa l  t o anothe r  vcul d b e ver y confusin g an d 
har d t o leazn . 
£i the following paragraphs, w will describe 
a nucbe r  o f  measure s fo r  sequences .  Qtc h measur e 
i s oonceme d wit h sonethin g tha t  w b believ e raaJces 
sequence s eas y o r  har d t o learn .  Eb r  th e monent , 
i t  i s  jus t  assime d tha t  thes e measure s ax *  th e 
significan t  ones .  B y malcin g eec h measur e expli -
cit ,  w e hcp e t o siaplif y  th e problen s o f  actuall y 
testin g th e leamabilit y  o f  instructions . 
Hgfaer of Tbp-leyel Onnln (NTG). counts hew 
many goal s ar e initiate d i n th e sequenc e withou t 
any hi^ier-leve l  goa l  precedin g them .  We assixn e 
tha t  th e mor e top-leve l  goal s a n instructio n tex t 
presents ,  th e harde r  tha t  tex t  i s  t o leam . 
Hence,  bfT G shoul d b e minimized . 

•Qaal 
Act : 
•Gbal 
Act : 
•Qja l 
Act : 
Gbal 
Act : 

Q>al 
Act : 
Gbal 
Act : 
•Qaal 
Act : 
•Qja l 
Act : 

:  Ml 
PL0T(B1 ,  Rl ,  OlID )  =• > Ml 

:  M2 
PLOT(B2,  R2 ,  GRID )  - > M2 

:  lin e o f  Movenaen t  (LCM ) 
RAMMl,  M2 )  - > LC M 

.:  (nw ) 
TSAtBIATECLCM,  P:-<r )  - > U O M 
QnXItS£ET(L:a« ,  P:'GE )  »  PsEB M 
READVAUE(P:QW)  - > EF M 
.:  Relativ e Distanc e 

REACUAL[E(CCZ>MSEaain'  ....) ) 
:  Elapse d Tim s 
StB'IRACT(M2-tim e Ml-time ) 

:  Relativ e ̂ see d 
R£ADVALUE(  IinXSSBCT(RAMPLCT.)) ) 

:  Bearin g o f  CP A (BC ) 
AOXEBM,  +/ -  90 )  - > B C 

(S D 
0 

ETO 

idur s doe s wal l  o n Icsepin g goa l Ihi s pr o 
stac k dept h lo w an d keepin g acticn s nea r  th e th e 
goal s the y satisfy ,  bu t  i t  doe s s o a t  th e eŝ pena e 
of  havin g a  larg o runbe r  o f  to p leve l  goal s makin g 
i t  difficul t  t o remenijer .  Ih e problo n i s actuall y 
vors e tha n show n her e sinc e th e ccnplet e solutio n 
t o th e proble m ha s 1 2 to p leve l  goals . 

Her e i s th e procedur e rewritte n wit h a  mar e top -
doun organization : 

niatane e Fro m Goa l  (CFG) ,  count s for  eac h 
axrtio n ho w man y othe r  action s separat e i t  fro n it s 
goal .  Pa r  a  sequence ,  w e defin e th e overal l  IT G 
t o b e th e raaxinun  o f  th e tF( ^  fo r  it s  actions . 
Distanc e Prc m "Goa l  shoul d b e minimize d i n 
sequences .  Ih e mor e action s ar e delayed ,  th e mor e 
likel y the y ar e t o b e forgotte n o r  use d 
incorrectly . 
'aaal Stack Depth ('GBD) counts for each goal 
i n a  sequenc e ho w rran y unfinishe d goal s preced e 
it .  A n unfinishe d goa l  i s  on e vAios e actio n ha s 
not  bee n den e yet .  Th e Gba l  Stac k Cept h fo r  a 
sequenc e i s define d t o b e th e naxijiu n GSD o f  th e 
goal s i n th e sequence .  'Cba l  Stac k Cept h shoul d b e 
mimnii?.gr i  i n sec[uences .  I t  i s  relate d t o Distanc e 
Fra n Cba l  i n tha t  a  sequenc e o f  unfinishe d goal s 
cause s th e action s tha t  ar e eventuall y don e t o b e 
fa r  awa y frt m thei r  goals .  A  larg e CSD i s eve n 
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-Qsal :  Bearin g o f  CP A (BC ) 
Gsal :  (DRM) 

Cbal :  lin e o f  Mavement  (LCM ) 
Goal :  Ml 
Act :  PLCrr(Bl ,  Rl ,  (XID )  - > Ml 
•Qsal :  M2 
Act :  PLCrr(B2 ,  R2 ,  (XID )  « > M2 

Act :  RAV(M1,  M2 )  - > IX M 
ActiTSANSIATEdXM ,  P:a: )  - > L:CP M 

IOTERSH:T(L:nW ,  P:<2 )  « > P:IS M 
RBU7AL(£(P:CRM)  = > CFM 

Act :  ADD(CIW,  +/ -  90 )  » > B C 

CFG GBD 
0 
1 
2 
3 
4 
3 
4 
3 
2 
2 
2 
1 

DTU 

Ihi s procedur e ha s greate r  IT G an d a  greate r  CSD, 
but  ha s onl y on e to p leve l  goal .  E ĉpandin g i t  t o 
th e v*ol e CPfi .  problem ,  i t  ha s onl y 3  to p leve l 
goal s an d th e maxim a o f  CF G an d GBD d o no t 
increas e wit h th e wide r  scop e o f  th e problem . 



C^imJTiin g Qaal-actio n Sequence s 

Baaed on the measures given abowe >« suggest 
th e follondn g technique s fo r  producin g goal-actio n 
sequence s 

-<3enerat e fro m onl y on e tre e i n a  fores t  a t  a 
tim e t o ndnijniz e Distance s Ftci n Gbal s an d (t)& l 
Stad c Eepths . 

-Reorder subsequences to ndnimize Distances 
t o Ibages . 

-IJpcoat cejTtain subtrees and generate fran 
the m firs t  t o minijniz e Qja l  Stad c Depths . 

-Merge trees to reduce the Msnber of Tbp-
l£ve l  'Qsals . 

Ih e degre e t o vAiicd i  thes e neasure s predic t 
th e eas e o r  difficult y o f  procedur e learnin g an d 
us e is ,  o f  course ,  a n arpirica l  question .  Ther e 
ar e cei-tainl y limit s o n th e range s o f  applicabil -
it y  o f  san e measures ,  an d tradeoff s t o b e naxim -
ize d amon g them .  Never-the-les s a n approac h o f 
thi s typ e prcsnise s t o b e a  significan t  inftrovanai t 
ove r  th e curren t  hit-or-niis s ^jproac ^  t o pro -
cedure s corposition . 
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The view s expresse d i n thi s pape r  ar e chos e o f  th e 
author s an d d o no t  necessaril y  represen t  th e posi -
tio n o f  th e Departmen t  o f  th e Nav y 
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