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Observin g Machinists '  Plannin g M e t h o d s : 

Using Goal Interactions to Guide Search 

Caroline Hayes 

Robotics Institute, Carnegie Mellon University 

The following paper describes a model of expert planning behavior, and suggests 
strategie s observe d i n machinists '  behavio r  tha t  migh t  improv e plannin g performanc e 
when applie d t o othe r  domains .  Th e domai n i s th e desig n o f  manufacturin g plan s fo r 
machine d parts .  Th e exper t  machinis t  use s a  plannin g metho d whic h novice s d o no t  use . 
The exper t  searche s fo r  interaction s betwee n th e problem' s goals ,  the n use s th e result s o f 
th e searc h t o guid e th e constructio n o f  a  pla n tha t  avoid s th e interactions .  Additionally , 
th e exper t  know s ho w t o divid e th e proble m int o tw o relativel y independen t  subproblems . 
The subproblem s ar e solve d separatel y aru i  th e result s merged .  A  portio n o f  th e mode l  i s 
implemente d i n a  progra m calle d Machinist ,  whic h ha s successfull y create d machinin g 
plan s tha t  wer e bette r  the n thos e o f  a  machinis t  wit h 5  year s experience . 

INTRODUCTION 

This paper briefly discusses the planning methods observed in expert machinists, and 
compare s behavio r  o f  apprentic e machmist s t o tha t  o f  a  program ,  Machinis t  tha t  implement s 
thes e plannin g methods .  Als o discusse d ar e a  numbe r  o f  th e method s observe d i n th e 
machinist' s  plannin g behavio r  tha t  coul d b e applie d t o othe r  plannin g domain s t o improv e 
performance . 

Machinin g i s th e ar t  o f  producin g meta l  part s usin g a  variet y o f  powe r  tool s t o shap e metal . 
I t  i s  a  highl y skille d tas k requirin g 1 0 t o 1 5 year s t o becom e accomplished .  Exper t  machinist s 
ar e a n importan t  resourc e fo r  almos t  al l  manufacturin g industries ,  bu t  ther e ar e relativel y fe w 
highl y experience d ones . 

TTi e dat a wer e gathere d fro m a  serie s o f  twent y si x verba l  protocol s ove r  a  yea r  an d a  half . 
T wo subject s wit h mor e tha n 1 5 year s experienc e wer e studied .  Protocol s o f  th e machinist s 
behavio r  wit h a  mor e detaile d analysi s ar e discusse d i n (Hayes ,  1987a) .  Th e implementatio n o f 
th e program ,  a  mor e extensiv e discussio n o f  it' s  performance ,  an d a  synopsi s o f  wor k tha t  thi s 
researc h i s base d o n ar e include d i n (Hayes ,  1987b; . 

INTERACTIONS MAKE THE PROBLEM DIFFICULT 

A maior problem that machinists confront in planning is "interactions" between the different 
"features '  tha t  ar e cu t  int o th e part .  Feature s ar e th e individua l  geometri c shape s tha t  ar e cu t 
int o a  bloc k o f  metal .  Featur e interaction s happe n whe n cuttin g on e collectio n o f  feature s 
affect s th e wa y i n whic h other s ca n b e made .  Th e difficult y i n m a k m g a  pla n i s t o find  a n orde r 
i n whic h non e o f  th e feature s interfere s to o seriousl y wit h producin g th e others . 

Most  commonly ,  featur e interaction s ar e cause d b y clampin g problems ;  producin g on e 
featur e destroy s th e clampin g surface s neede d t o gri p th e piec e whil e cuttin g anome r  feature .  A 
featur e interactio n i s show n i n figur e 1 .  Th e piec e ha s tw o feature s o n it :  a n angl e an d a  slot .  I f 
th e angl e i s mad e firs t  i t  i s  difficul t  t o clam p th e piec e s o tha t  th e slo t  ca n b e cut .  Th e righ t  han d 
vic e ja w mus t  pres s o n th e angle d surface .  Thi s i s a n unstabl e situatio n becaus e th e par t  ma y b e 
force d upwar d ou t  o f  th e vise .  Th e angl e ca n b e sai d t o interac t  wit h th e slot .  A  simpl e 
reorderin g o r  th e feature s ca n avoi d thi s interaction . 

THE MACHINIST'S PLANNING METHODS 

Examples for this paper were taken from one protocol fi-om a machinist planning how to 
make th e par t  show n i n figur e 2 . 

The protoco l  showe d tha t  th e huma n plan s b y first  scannin g th e proble m specification ,  (a n 
engineenn g drawin g an d notes) ,  an d notin g cue s tha t  indicat e problem s an d featur e interactions . 
Associate d wit h eac h o f  thes e cues ,  th e machinis t  ha s a  se t  o f  restriction s tha t  wil l  hel p avoi d tha t 
proble m o r  interaction . 
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ic e ca n no t  gri p angle d surfac e firmly . 

Figur e 1 :  Featur e Interaction :  Th e slo t  mus t  b e cu t  befor e th e angle . 

The features that drew the machinist's attention during the protocol were the large features: 
C,  A ,  an d D ,  an d th e larg e angles :  El ,  E2 ,  B l  an d B2 .  Thes e feature s ar e o f  particula r  interest , 
becaus e the y caus e th e par t  t o hav e a n irregula r  shap e an d henc e mak e clampin g difficult .  W h e n 
clampin g i s difficult ,  th e par t  ca n b e clampe d onl y i n restricted  way s t o produc e othe r  features . 

Next ,  th e machinis t  investigate d thes e attentio n attractin g feature s i n mor e detail .  H e 
explore d th e way s i n whic h eac h featur e restricte d an d affecte d others .  Durin g thi s stag e h e als o 
groupe d feature s int o set s tha t  coul d b e mad e durin g th e sam e clampin g operation .  Al l  feature s 
i n a  ̂ ou p coul d b e mad e wit h th e sam e sid e facin g up .  Groupin g make s i t  easie r  fo r  th e 
machmis t  t o pla n becaus e entir e group s ar e manipulate d a s singl e components ;  al l  restrictions  o n 
any featur e m th e grou p appl y t o th e whol e group .  Th e strateg y effectivel y reduce s th e 
complexit y o f  th e plannin g process .  Eve n so ,  th e machinis t  eventuall y foun d i t  difficul t  fo r  kee p 
trac k o f  al l  th e restriction s o n al l  th e group s a t  th e sam e time ,  s o h e dre w a  pictur e whic h i s 
represente d b y th e grap h i n figure  3 .  Thi s i s a n interactio n graph . 

Whol e group s ar e represented  b y a  singl e lette r  i n th e graph .  Fo r  instanc e "C "  represent s th e 
grou p consistin g o f  C ,  R ,  an d th e fou r  holes ;  an d "E "  represent s th e grou p El ,  E2 ,  G l ,  an d G2 . 

The orde r  restriction s represente d b y thi s interactio n grap h are :  eithe r  shoulde r  A  o r  grou p C 
can g o first  i n eithe r  order .  The n th e angle s i n grou p B  (Bl ,  B2 )  ca n b e cut ,  followe d b y th e E 
group ,  followe d b y D .  Th e number s besid e th e letter s indicat e whic h sid e mus t  fac e u p whil e tha t 
featur e grou p i s cut .  (Al l  th e side s i n figure  1  ar e give n number s fi-om  1-6) .  B  an d E  hav e n o 
number s becaus e the y ar e angles ;  th e piec e mus t  b e tilte d whe n the y ar e cut ,  s o n o sid e face s 
directl y up . 

Befor e an y o f  thes e feature s ca n b e cu t  severa l  preliminar y step s mus t  b e taken .  Typically , 
thre e orthogona l  side s ( a grou p o f  side s tha t  touc h o n on e comer )  mus t  b e machine d smoot h an d 
scjuar e t o eac h othe r  befor e a  featur e ca n b e cut .  Thi s i s s o tha t  ther e wil l  b e precisel y define d 
side s fro m whic h t o measur e featur e positions .  I f  th e side s ar e no t  accurate ,  th e featur e positio n 
wil l  no t  b e accurate . 

Thi s proces s o f  smoothin g th e side s i s know n a s squaring .  Ther e ar e stric t  rule s fo r  squarin g 
tha t  mus t  b e followe d s o tihat  th e minimu m amoun t  o f  materia l  i s  wasted ,  an d accurac y 
maintained .  Th e squarin g mle s ar e dependen t  onl y o n th e characteristic s o f  th e startin g material . 
They ar e independen t  o f  th e th e feature s t o b e cu t  s o squarin g rule s ar e relativel y invarian t  fo r  al l 
part s regardles s o f  thei r  final  shape ,  whil e o n th e othe r  hand ,  th e featur e interactio n grap h alway s 
change s fro m par t  t o part ,  eve n whe n th e final  shape s ar e ver y similar . 

The machinis t  dre w a  smal l  diagra m indicatin g th e orde r  i n whic h h e intende d t o squar e u p 
th e sides .  H e explicitl y  dre w ou t  onl y ou t  th e first  thre e squarin g step s (s o h e woul d hav e thre e 
orthogona l  sides )  an d lef t  th e other s t o b e decide d later .  Figur e 4  show s th e orde r  tha t  h e decide d 
on.  Step s i n th e horizonta l  ro w (eg .  4 ,  5 ,  6 )  ca n b e don e i n an y order .  Th e number s indicat e 
whic h sid e face s up . 

Next ,  th e squarin g grap h mus t  b e merge d a s efficientl y a s possibl e wit h th e interactio n 
graph .  Th e mor e step s tha t  ca n b e overlappe d th e bette r  becaus e th e fina l  pla n wil l  b e shorter . 
Typically ,  i f  th e sam e sid e face s u p i n tw o steps ,  the y ca n b e merged ,  providin g tha t  non e o f  th e 
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Figur e 3 :  Th e Featur e Interaction s fo r  P A R T X I 

"before" and "after" constraints of either graph are violated. Figure 5 shows the two graphs 
merged . 
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Figur e 4 :  Th e Squarin g Grap h fo r  Par t  X I 

4 D ] 

Figur e 5 :  Th e combinatio n o f  th e Interactio n Grap h an d th e Squarin g Grap h 

Lastly the plan is verified. The machinist looks over the plan and checks that there no 
interaction s wer e overlooked ,  an d tha t  th e par t  ca n b e clampe d properl y a t  eac h step .  I f  th e pla n 
does no t  pas s thi s tes t  h e ma y hav e t o g o bac k t o previou s plannm g stage s an d replan . 

The Machinis t  program ,  discusse d i n (Hayes ,  1987b )  implement s thes e steps ,  excep t  fo r  th e 
verificatio n ste p an d grouping .  Fort y nin e o f  it' s  production s identif y featur e interaction s an d 
othe r  problems .  Groupin g speed s u p th e plannin g proces s bu t  doe s no t  generall y affec t  th e 
qualit y o f  th e plan .  Verificatio n i s neede d onl y i f  interactio n i s missed ,  s o a s lon g a s th e progra m 
stay s withi n th e domai n o f  part s containin g interaction s tha t  i t  know s about ,  verificatio n w2 l  b e 
unnecessary . 

EVALUATION OF THE PROGRAM AGAINST HUMAN PERFORMANCE 

The program's performance was compared with that of four machinists at various experience 
levels :  tw o secon d yea r  apprentices ,  on e thir d yea r  apprentice ,  an d on e journeyma n wit h 5  year s 
experience .  Eac h o f  thes e subject s wa s aske d t o creat e a  machinin g pla n fo r  th e sam e serie s o f 
thre e parts .  Th e specification s fo r  th e thre e part s use d i n th e stud y a s wel l  a s a  fe w exampl e 
plan s generate d b y th e apprentices ,  ar e describe d i n (Hayes ,  1987a) . 

Thei r  resultin g plan s wer e judge d b y tw o ver y experience d machinists ,  eac h havin g mor e 
tha n 1 5 year s experience .  Th e program' s averag e performanc e wa s bette r  tha n tha t  o f  th e 
apprentice s o r  th e journeyman .  Th e averag e score s earne d b y eac h machinis t  o r  progra m ar e 
shown i n figure  6 .  I n fact ,  Machinis t  1  declare d th e program' s pla n fo r  Par t  II I  t o b e Almos t  th e 
perfec t  plan .  W h o eve r  di d thi s i s a  ma n afte r  m y ow n heart .  A s i t  turne d out ,  i n makin g th e 
pla n fo r  Par t  HI ,  th e progra m use d a  heuristi c take n fro m machinis t  1 .  Consequently ,  th e pla n 
coincide d wit h hi s ide a o f  wha t  wa s correc t  an d wa s indee d "afte r  (his )  o w n heart. "  However ,  i t 
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wasn' t  mad e b y a  man ,  bu t  a  machine . 

Performance of Apprentice Machinists and Program 

Total 5 -| 

ratin g 
points: . 

3 . 

2 . 

pla n 
qualit y 

1 -

0 - • 
2nd Yea r  2n d Yea r  3r d Yea r  5t h Yea r  Machinis t 
Appr .  B  Appr .  A  Appr .  Joumey .  Progra m 

Figur e 6 :  Averag e score s receive d b y eac h subjec t 

Judging was done in the following way: for each of the three parts there were five plans: one 
fro m eac h o f  th e fou r  youn g machinists ,  an d on e fro m th e program .  Al l  informatio n mdicatin g 
who (o r  what )  create d th e pla n wa s removed .  Independently ,  th e tw o experience d machinist s 
ordere d eac h se t  o f  five  plan s fro m bes t  t o worst .  Th e bes t  plan s wer e give n a  scor e o f  5  an d th e 
wors t  1 . 

Ther e wa s fairl y hig h agreemen t  betwee n th e tw o machinists ,  despit e a  fe w anomalies .  Th e 
Spearma n ran k correlatio n o f  thei r  judgement s i s 0.92 .  Thus ,  th e judgement s ar e quit e reliable . 

One interestin g outcom e o f  thi s tes t  wa s tha t  i t  highlighte d th e differenc e betwee n th e exper t 
machinist s an d th e novices .  Th e novice s wit h les s the n tw o year s experienc e showe d n o abilit y 
t o spo t  featvu- e interaction s eithe r  befor e o r  afte r  planning .  No t  onl y coul d the y no t  forese e th e 
problems ,  the y seeme d unabl e t o detec t  tha t  ther e wa s a  mistak e i n th e finished  plan .  I t  seeme d 
tha t  the y lacke d th e percepmal  skil l  tha t  th e exper t  ha d fo r  identifyin g featur e interactions .  Thi s 
abilit y  seem s t o b e k£ y t o th e exper t  machinist s tim e efficienc y an d accurac y i n planning . 

Additionally ,  th e novice s wit h les s tha n five  year s experienc e wer e unabl e t o mak e efficien t 
plans .  I t  wa s difficul t  enoug h fo r  the m t o mak e workin g plan s a t  all .  The y use d rot e method s fo r 
many steps .  I t  wa s no t  til l  abou t  5  year s tha t  an y o f  the m starte d t o us e mor e flexible  method s 
tha t  allowe d mor e efficienc y i n th e plans . 

CONCLUSION 

The planning steps for expert machinist are: 

1.  Orientation :  Identifie s th e ke y feature s interaction s an d make s a n estimat e o f  th e 
proble m difficulty . 

2. Exploration of Feature Interactions: Groups features and explores the ways in 
whic h the y interac t  wit h others . 

3. Integration of the Feature Interactions with a Squaring Plan: Merges feature 

interaction s wit h squarin g constraints . 

4. Elaborating and Verifying the Plan: Checks to see that the plan is correct. If 

ther e i s a n error ,  h e make s a  fix  o r  replans . 
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The Machinis t  progra m implement s thi s metho d an d produce s plan s tha t  expert s judge d t o 
be comparabl e o r  bette r  tha n thos e o f  a  5  yea r  journeyman .  Th e plan s ar e ver y simila r  m for m t o 
thos e tha t  exper t  machinist s produce .  Thi s stud y als o showe d tha t  plannin g method s o f  expert s 
wer e ver y differen t  tha n thos e o f  novices :  novice s ha d neithe r  th e experts '  abilit y  t o forese e 
problem s no r  thei r  flexibilit y  i n planning . 

The machinist' s  metho d o f  usin g pattem s t o spo t  problem s firs t  an d pla n aroun d the m ha s 
potentia l  fo r  improvin g plannin g efficienc y i n othe r  exper t  domains .  Otne r  behavior s see n i n 
machinist s behavio r  tha t  coul d b e applie d t o othe r  domain s are :  grouping ,  t o cu t  dow n 
complexit y o f  th e pla n space ;  an d calculatin g th e varyin g constraint s (feature s interactions ) 
separatel y fro m th e invanan t  constraint s (squaring )  an d latte r  mergin g them .  Thi s techniqu e 
simplifie s plannin g b y dividin g th e proble m nicel y mt o tw o relativel y independen t  sub-problems . 
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