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In this research we examine how expert engineers differ in solving a speciHc engineering problem. This effort 

aros e ou t  o f  observation s an d experience s wit h a  projec t  originatin g a t  th e Cente r  fo r  Advance d Engineerin g Stud y 

at  th e Massachusett s Institut e o f  Technology .  I n thi s previou s project ,  on e o f  u s develope d a  simulatio n a s par t  o f 

a Nationa l  Scienc e Foundatio n effo t  t o stud y ne w approache s t o continuin g educatio n fo r  practicin g engineer s an d 

scientist s i n industry. ^  Durin g th e developmen t  o f  th e simulation ,  i t  becam e apparen t  tha t  thi s simulatio n 

presente d a  quit e interestin g environmen t  t o stud y h o w peopl e reaso n abou t  complex ,  physica l  systems .  A s a 

consequence ,  w e ar e usin g a  versio n o f  thi s simulatio n t o investigat e a  variet y o f  phenomen a i n engineerin g 

proble m solving .  Thi s pape r  report s o n som e o f  ou r  initia l  findings.  Specifically ,  w e examin e th e concep t  o f 

•'exper t  variance "  wit h respec t  t o on e aspec t  o f  proble m solving :  th e strategie s evidence d b y th e sequenc e o f  step s 

use d t o solv e th e problem . 

M E T H OD 

Subjects .  Fou r  engineerin g professor s fro m th e Thaye r  Schoo l  o f  Engineerin g a t  Dartmout h Colleg e 

participate d i n th e study .  Eac h hel d a  Ph.D .  degre e o r  th e equivalen t  an d ha d a  min imu m o f  1 5 year s experienc e 

i n teachin g and/o r  industry . 

Materials .  Th e stea m syste m wa s reimplemente d o n a n Appl e Macintosh ® computer .  Th e simulate d 

syste m (se e Figur e 1 )  depicte d bot h component s (vi a icons )  an d flow s o f  stea m an d condensat e (th e numeri c 

values) .  T w o boiler s b u m fue l  t o hea t  th e feedwate r  an d produc e stea m t o b e fe d a t  hig h {H-essure s int o th e 

high-pressur e heade r  (HPH )  fo r  distribution .  Stea m ou^u t  fro m th e H P H feed s int o a  pump ,  a  turbogenerato r  (fo r 

th e productio n o f  electricity )  and ,  i f  to o muc h high-pressur e stea m i s bein g produced ,  int o a  pressur e reducin g 

valv e (whic h reduce s th e pressur e an d shunt s i t  t o th e nex t  header) .  Intermediate-pressur e stea m i s produce d b y th e 

thir d boile r  an d fe d int o th e intermediate-pressur e heade r  (IPH) .  Th e IP H distribute s stea m t o th e process ,  a 

crusher ,  a  secon d turbogenerator ,  an d a  secon d pressur e reducin g valve .  Th e lo w pressur e heade r  i s fe d b y bot h 

turbogenerators ,  th e crusher ,  th e pump ,  an d a  pressur e reducin g valve .  Th e lo w pressur e heade r  (LPH )  provide s a 

secon d inipu t  t o th e process ,  feed s th e deaerator ,  an d a  ven t  (exces s stea m i s shunte d t o th e atmosphere) .  Stea m 

condensat e i s fe d bac k t o th e deaerato r  fro m a  turbogenerato r  an d th e process .  Los s o f  wate r  fro m th e syste m i s 

handle d throug h a  makeu p wate r  source .  Th e deao-ato r  prepare s th e returne d condensat e an d exces s stea m fo r 

reintroductio n t o th e boilers .  Subject s use d a  mous e t o manipulat e a  pointe r  o n th e screen ,  enablin g the m t o 
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selec t  components .  Fo r  eac h component ,  th e option s o f  changin g it s curren t  operatin g valu e o r  findin g it s curren t 

cos t  wa s available .  I n addition ,  th e curren t  an d prio r  tota l  syste m cost s wer e continuousl y displaye d a s wa s th e 

balanc e o f  th e system .  W h e n a  valu e wa s change d b y a  subject ,  th e inpu t  valu e wa s first  evaluate d t o insur e i t 

met  th e constraint s associate d wit h tha t  component .  Nex t  th e syste m wa s updated ,  whic h involve d calculatin g th e 

n e w cos t  fo r  bot h th e devic e an d th e entir e system ,  updatin g thes e values ,  an d searchin g fo r  an d indicatin g o n th e 

scree n th e exac t  source s o f  imbalanc e (i f  any) .  Further ,  th e ne w value ,  th e devic e involve d an d th e curren t  tim e 

wer e recede d t o povid e a  trac e o f  th e subject' s manipulations . 

Procedure .  Th e subject s wer e face d wit h th e followin g problem : 

The system ,  i n it s initia l  configuration ,  i s  operatin g i n a  ver y inefficien t  manner .  Attemp t  t o minimiz e 

th e cos t  o f  runnin g th e syste m b y redirectin g an d modifyin g th e flows  o f  stea m an d condensat e subjec t  t o 

th e constraint s o f  th e syste m indicate d i n th e writte n material s supplied . 

Give n a  descriptio n o f  th e syste m an d relate d equations ,  th e subject s interacte d wit h th e simulation ,  verball y 

describin g thei r  action s an d reasoning .  Th e c^tima l  valu e wa s no t  initiall y  presented .  Afte r  approximatel y thirt y 

minute s o r  whe n th e subjec t  indicate d tha t  a  solutio n ha d bee n reached ,  th e optima l  valu e fo r  th e syste m 

configuratio n wa s presented .  Provide d thi s goa l  ha d no t  alread y bee n met ,  th e subjec t  wa s aske d wha t  othe r 

change s coul d b e m a d e t o hi s configuratio n t o attemp t  t o reac h thi s goal .  Th e subjec t  the n m a d e furthe r 

nxxiification s t o th e syste m o r  describe d wha t  strategie s woul d b e employe d t o mee t  thi s criterion .  A n entir e 

sessio n laste d approximatel y on e hour . 

S U M M A RY O F RESULTS 

Th e analysi s o f  th e dat a consiste d o f  th e examinatio n o f  th e modificatio n trace ,  experimente r  observations ,  an d 

recorde d verba l  protoco l  i n orde r  t o determin e (1 )  th e natur e o f  th e component s o f  reasonin g an d (2 )  h o w exper t 

reasonin g differe d base d o n th e identifie d components . 

C o m p o n e n t s o f  Reasoning .  Analysi s o f  th e component s o f  reasonin g indicate d tha t  expert s similarl v 

relie d o n thre e primar y type s o f  ioiowledg e brough t  t o bea r  i n solvin g thi s problem :  knowledg e o f  devices , 

knowledg e o f  system s o f  devices ,  an d knowledg e o f  strategie s o f  energ y conservatio n regardin g system s an d 

devices." ' 

Knowledg e o f  device s (i.e. ,  components )  embodie d th e type s o f  physica l  object s whic h m a y b e foun d i n a 

typica l  processin g plan t  relyin g o n stea m us e (e.g. ,  turbogenerators ,  pressur e reducin g valves ,  vents) .  W e foun d 

tha t  thre e type s o f  devic e "roles "  wer e evidence d i n solvin g th e problems .  First ,  ther e i s th e structura l  rol e wher e 

th e devic e i s simpl y describe d i n term s o f  it s  particula r  properties .  Thi s i s simila r  t o Kuiper' s interpretation ,  bu t 

i n thi s contex t  applicabl e t o th e devic e level .  Fo r  example ,  a  "boiler "  devic e m a y b e describe d a s a  stea m 

producin g objec t  whic h ingest s fue l  an d feedwater ,  operate s a t  som e leve l  o f  efficiency ,  an d provide s stea m a t 

some rat e an d pressure .  A  particula r  boile r  devic e ha s propertie s instantiate d t o specifi c  value s (e.g. ,  bum s oil ,  i s 

8 0 % efficient ,  produce s stea m a t  110,(XX )  Ibs/hr) ,  bu t  als o woul d hav e a  specifi c  purpos e an d functio n i n th e 

contex t  o f  th e behavio r  o f  th e entir e system .  Thi s i s simila r  t o Kuiper's/uncriona /  description .  However ,  w e 

foun d tha t  device s tak e o n differen t  functiona l  description s base d o n thei r  rol e i n a  particula r  strategy .  Fo r 

exanq)le ,  a  boile r  i s a  stea m producin g devic e ~  it s purpos e i s t o generat e stea m t o b e propogate d throughou t  th e 
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system .  Subject s occasionall y use d boiler s "t o balance "  rathe r  tha n purel y "t o produce. "  Thi s i s a  subtl e 

difference ,  bu t  on e reflectin g a  ver y particula r  rol e assigne d t o a  boile r  usuall y reserve d fo r  vent s o r  pressur e 

reducin g valves .  I n thi s case ,  th e additiona l  rol e take n o n b y th e boile r  wa s determine d b y constraint s inheren t  i n a 

particula r  strateg y an d permitte d b y th e understandin g o f  di e functionin g o f  di e device . 

Knowledg e o f  system s i s knowledg e o f  configurations .  I t  refer s t o knowledg e o f  h o w collection s o f  device s 

operat e togethe r  a s a  system .  Ther e ar e tw o characteristic s whic h see m t o distinguis h knowledg e o f  system s from 

knowledg e o f  devices :  interactio n an d collectiv e purpose .  Interactio n refer s t o di e propogatio n o f  effects ,  feedback , 

and interdependencie s o f  severa l  devices .  Essentially ,  tiiis  reflect s th e appreciatio n o f  th e dynamic s an d 

interconnectivit y o f  th e problem .  Collectiv e purpos e refer s t o th e attributio n o f  a  purpos e t o a  collectio n o f 

device s i n th e contex t  o f  th e system .  Fo r  example ,  usin g a  hig h leve l  o f  abstraction ,  a  simpl e descriptio n o f  th e 

overal l  syste m behavio r  ca n b e mad e b y definin g th e plan t  a s a  se t  o f  interconnecte d system s whic h (1 )  produc e 

steam ,  (2 )  distribut e steam ,  (3 )  consum e steam ,  (4 )  produc e electricity ,  an d (5 )  consum e electricity .  Thi s 

representatio n reflect s th e devices ,  thei r  rol e i n th e system ,  an d th e topolog y o f  th e syste m indicate d b y 

connectivit y flows . 

Th e subject s als o demonstrate d knowledg e o f  genera l  strategie s o f  energ y conservatio n t o b e applie d i n 

reducin g enei^ y wast e an d monetar y loss .  T w o dominan t  strategie s wer e identified :  (1 )  decreas e F U E L Cos t  ~ 

minimiz e th e cos t  o f  purchasin g fue l  fo r  boilers ,  an d (2 )  generat e E L E C T R I C I T Y -  generat e a s muc h electricit y 

inhous e a s possible .  Thes e tw o strategie s correcti y addres s th e majo r  source s o f  cos t  saving s i n th e simulation .  I n 

addition ,  tw o additiona l  strategie s wer e identified ,  bu t  serve d mor e o f  a n ancillar y o r  tunin g rol e dia n th e prio r 

two :  (3 )  atten d t o P R V s ~  pressur e reducin g valve s (PRVs )  shoul d b e use d mainl y a s a n intermediat e contro l 

metho d t o maintai n stea m balanc e an d (4 )  atten d t o V E N T s ~  ventin g stea m shoul d b e avoide d an d use d onl y a s a 

temporar y mechanis m t o handl e stea m fluctuations . 

I n summary ,  th e expert s relie d o n simila r  type s o f  knowledge :  o f  devices ,  systems ,  an d strategie s t o achiev e 

lo w cos t  solutions . 

Sourc e o f  Exper t  Variance .  Thre e basi c difference s betwee n expert s wer e found .  First ,  the y differe d i n 

thei r  abilit y  t o generat e a  m i n i m u m cos t  solutio n i n th e absenc e o f  a n explici t  goa l  (recal l  tha t  th e syste m wa s 

presente d t o th e subject s withou t  th e m i n i m u m goa l  cos t  initiall y  available) .  Second ,  th e expert s differe d i n th e 

dominan t  strateg y selecte d (o f  th e firs t  tw o previousl y mentioned) .  Third ,  the y differe d i n th e wa y th e particula r 

strateg y wa s implemented . 

Cost  Reduction .  T w o subject s (S I  an d S2 )  di d no t  reac h th e m in imu m and ,  consequently ,  wer e the n show n 

th e goa l  an d permitte d t o mak e furthe r  adjustments .  I n bot h cases ,  th e subject s quickl y achieve d th e m i n i m u m 

cos t  afte r  th e goa l  wa s presented .  O n th e othe r  hand ,  th e othe r  tw o subject s (S 3 an d S4 )  di d successfull y achiev e 

di e m i n i m u m cos t  withou t  th e goa l  present . 

Overal l  Strategies .  S I  an d S 2 differe d i n Uiei r  initia l  attac k o f  th e problem .  S I  incorporate d th e 

PTJEL-oriente d strateg y b y attemptin g t o base-loa d (i.e. ,  increas e th e outpu t  o f  di e boile r  t o th e m a x i m u m )  th e 

cheaper-fuele d boiler s an d reduc e th e loa d o n th e expensiv e boiler .  W h e n S I  wa s show n th e goa l  cos t  (indicatin g 
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tha t  additiona l  cos t  reduction s coul d occur) ,  attentio n wa s immediatel y pai d t o th e turbogenerator s an d th e 

E L E C T R I C I T Y strateg y unfolde d t o permi t  th e prope r  adjutments .  S I  basicall y approache d th e tas k wit h th e ide a 

tha t  lowerin g th e cos t  o f  th e boiler s an d redirectin g stea m wer e th e mos t  importan t  thing s t o do .  Thi s cause d S I 

t o achiev e a  "local "  m i n i m u m bu t  no t  a  globa l  one .  Onl y afte r  th e explici t  goa l  wa s presente d di d th e explici t 

"powe r  vs .  oil "  tradeof f  correctl y occur .  O n th e othe r  hand ,  S 2 immediatel y bega n b y invokin g th e 

E L E C T R I C I T Y strateg y an d attempte d t o generat e a s muc h electricit y a s possibl e whil e balancin g th e syste m vi a 

th e P R V s an d th e vent .  Again ,  S 2 di d no t  achiev e th e m in imu m cos t  an d wa s show n th e goal .  Almos t  i n 

convers e fashio n fro m SI ,  S 2 the n focuse d o n inhous e electrica l  productio n an d continue d t o manipulat e th e flo w 

parameter s o f  th e turbogenerato r  output s i n orde r  t o maximiz e th e amoun t  o f  powe r  purchase d withi n th e 

constraint s o f  th e balance d syste m an d leve l  o f  stea m production . 

S3 an d S 4 bot h achieve d th e m i n i m u m cos t  solutio n withou t  requirin g th e goa l  t o b e presented ;  however , 

the y accomplishe d thi s quit e differently .  S 3 wa s ver y methodica l  an d essentiall y  incorporate d a  strateg y whic h wa s 

a combinatio n o f  th e E L E C T R I C I T Y an d F U E L approaches .  S 3 attempte d t o produc e a s muc h electricit y a s 

possibl e whil e a t  th e sam e tim e minimizin g th e us e o f  th e expensively-fuele d boile r  an d balancin g th e adjustmen t 

wit h th e vent .  S4 ,  however ,  wa s unique .  Wit h a  m in imu m numbe r  o f  moves ,  S 4 sequentiall y  invoke d th e F U E L 

and E L E C T R I C I T Y strategies .  S 4 definitel y wa s th e quickes t  an d mos t  efficien t  o f  th e subjects . 

Implementation .  A n additiona l  observatio n ca n n o w b e mad e concernin g h o w th e strategie s wer e 

implemented .  Th e strategie s identifie d involv e adjustment s t o severa l  device s a t  a  time .  Fo r  example ,  t o increas e 

th e electricit y bot h turbogenerator s ar e involve d alon g wit h on e o r  mor e boiler s - -  thu s definin g th e devic e se t  o f 

th e strategy .  W e foun d tha t  th e subject s too k essentiall y  tw o approache s t o implementin g a  strateg y an d adjustin g 

th e devic e set .  I n on e method ,  a  subjec t  woul d selec t  a  strategy ,  suc h a s E L E C T R I C I T Y ,  an d implemen t  i t 

"component -  by-component "  i n a  cautiou s manne r  wher e on e elemen t  o f  di e devic e se t  woul d b e change d (e.g. ,  a 

turbogenerator) ,  th e result s teste d (i.e. ,  i s  i t  i n balance?) ,  and ,  i f  necessary ,  adjustment s mad e t o balanc e th e 

syste m (t o eithe r  member s o r  nonmember s o f  th e devic e set) .  Th e subjec t  woul d the n m o v e o n t o th e nex t  devic e 

modificatio n i n th e strateg y (e.g. ,  di e othe r  turbogenerator) .  Thi s reflect s a  locally-guide d approac h sensitiv e 

t o imbalance s a s th e strateg y unfolds .  Subjec t  S 3 demonstrate d dii s  perfecd y b e attemptin g t o explicid y balanc e 

th e syste m o n fou r  separat e occasions .  O n th e othe r  hand ,  th e secon d typ e o f  implementatio n tolerate d 

intermediat e imbalance s a s eac h componen t  o f  di e devic e se t  wa s addressed .  I n thi s globally-guide d approach , 

th e subject s woul d first  mak e adjustment s t o al l  member s o f  th e devic e se t  prio r  t o an y attemp t  t o balanc e th e 

result s b y adjustin g nonmembe r  components .  Th e extrem e cas e i s illustrate d b y S 4 w h o essentiall y  wa s no t 

concerne d wit h balancin g th e syste m unti l  th e final  adjustment s wer e made .  I n on e sense ,  a  locally-guide d searc h 

represent s a  cautiou s tacti c b y testin g th e effect s o f  th e devic e se t  adjustments .  Th e globally-guide d tacti c seeme d 

t o reflec t  bot h a  mor e optimisti c confidenc e i n th e presume d behavio r  o f  th e syste m an d a  commitmen t  t o a 

specifi c  serie s o f  modifications . 
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CONCLUSION 

Expertise is more than a large accumulation of facts; it concerns basic qualitative differences in the 

representation of imowledge and the control of the reasoning processes. The analysis of expert reasoning, as we 

have indicated, uncovers a picture of comparisons which is more complicated that simple expert-novice 

dichotomies  often suggest. As expected, experts as group distinguish themselves (ot are distinquished) from the 

flock via performance. They do what they do more proficiently and efficiently than the others. They have mastered 

the body of knowledge upon which proficiency is built. Experts, however, do not only know more -- they know 

differently.  Humans are limited in their ability to deal with large amounts of information; consequently, they 

must incorporate ways to reduce the demands of the task during performance. It is precisely because of such 

cognitive limitations that experts have adapted efficient ways to solve problems in their domains. Expert problem 

solvers have augmented and modified their knowledge through years of experience. Lack of this experience often 

makes problem solvers "knowledge rich but strategy poor." More relevant to this discussion, it also provides a 

source for individual variation among experts. Experts in the same field simply may not demonstrate the same 

reasoning behaviors.^ Experience, then, is both a source of expert performance and expert variance. 

We hav e reporte d som e o f  ou r  initia l  findings  regardin g th e natur e o f  exper t  varianc e i n proble m solving . 

Ther e are ,  o f  course ,  m a n y additiona l  avenue s t o pursue .  Fo r  example ,  w e ar e examinin g expert-novic e 

differences, explicating more detailed information on the nature of the qualitative and causal judgements 

underlying the selection and execution of die strategies, and have implemented an OPSS model of the strategies. 

We shall see... 
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