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Abstrac t 
The inventio n o f  th e airplan e span s a  perio d o f  11 0 
year s fro m 179 9 whe n Cayle y first  describe d th e 
desig n o f  fixed-wing  aircraf t  t o 190 9 whe n practica l 
craf t  wer e flown  a t  th e Reim s Ai r  Show .  A t  leas t  10 0 
differen t  design s wer e buil t  an d teste d durin g thi s 
period ,  ofte n a t  grea t  expense ,  an d occasionall y a t  th e 
cos t  o f  th e pilot' s  life .  Wit h th e exceptio n o f  th e 
Wrigh t  Brothers ,  progres s wa s slo w an d sporadic .  Th e 
Wright s neede d onl y fou r  year s t o develo p thei r  first 
airplane .  Thei r  efficienc y i s unique :  N o othe r  invento r 
was abl e t o duplicat e th e stead y rapi d progres s o f  th e 
Wrigh t  Brother s o r  duplicat e thei r  result s unti l  detail s 
of  th e Wrigh t  craf t  becam e availabl e i n 1906 . 

Numerous reasons have been advanced to explain 
thi s efficiency .  A m o n g thes e ar e th e Wrigh t  Brothers ' 
sens e o f  materials ,  thei r  focu s o n th e contro l  problem , 
th e availabilit y  o f  gasolin e engines ,  th e synerg y o f  th e 
brother s i n thei r  work ,  an d constraint s impose d b y 
limite d funding .  Althoug h thes e factor s ar e important , 
a crucia l  differenc e ca n b e foun d i n th e manne r  i n 
whic h th e Wrigh t  Brother s an d thei r  contemporarie s 
approache d th e tas k o f  invention .  Mos t  inventor s 
spen t  thei r  tim e constructin g an d testin g complet e 
craft ;  th e Wrigh t  Brother s worke d b y isolatin g a 
problem ,  findin g a  syste m t o tes t  potentia l  solutions , 
and integratin g thei r  solutio n bac k int o a n airplan e 
design . 

The problem-solving model of scientific discovery 
i n tur n explain s w h y th e Wrigh t  Brother s metho d wa s 
so efficient .  Th e Wrigh t  Brother s wer e explorin g a 
functio n spac e whil e thei r  contemporarie s wer e 
explorin g a  desig n spac e o f  aircraft .  F ro m th e 
propertie s o f  th e tw o spaces ,  i t  ca n b e show n tha t 
searc h i n th e functio n spac e i s fa r  mor e efficien t  tha n 
searc h i n th e desig n space .  M a n y o f  th e sam e 
propertie s hol d fo r  th e inventio n o f  othe r  comple x 
device s suc h a s intelligen t  programs . 

In t roduc t io n 

Si r  Georg e Cayle y bega n th e proces s o f  th e inventio n o f  th e 
airplan e i n 179 9 wit h th e publicatio n o f  hi s pape r  O n Aeria l 
Navigation .  Thi s pape r  distinguishe d betwee n th e liftin g 
and propulsio n function s o f  bir d wing s an d showe d h o w 
thes e function s coul d b e separate d i n a  fixed-wing  craf t 
wit h propellers .  O n e hundre d an d te n year s late r  severa l 
practica l  craf t  wer e demonstrate d a t  th e Reim s Ai r  S h o w i n 
France ,  completin g th e perio d o f  invention . 

Figur e 1  depict s th e fligh t  distance s o f  8 5 glider s an d 
powere d craf t  develope d durin g thi s period ,  representin g 
th e vas t  majorit y o f  well-documente d attempt s t o conque r 
th e air .  Thes e attempt s hav e bee n groupe d int o thre e 
categories :  th e Wrigh t  Brother s efforts ,  th e effort s o f  othe r 
inventor s fro m 180 9 throug h 1905 ,  an d th e effort s o f  othe r 
inventor s fro m 190 6 t o 1909 .  Regressio n line s depictin g 
progres s ove r  tim e ar e show n fo r  eac h group :  th e lon g 
dashe d lin e runnin g acros s th e figure  represent s earl y 
effort s b y non-Wrigh t  inventors ,  th e soli d lin e risin g 
sharpl y fro m 190 0 represent s th e Wrigh t  Brothers ,  whil e 
bol d lin e furthes t  righ t  represent s th e effort s o f  othe r 
inventor s fro m 190 6 t o 1909 .  I n computin g thes e 
regressio n line s unsuccessfu l  craf t  tha t  di d no t  fly  o r  wer e 
not  teste d hav e bee n excluded ,  a s wer e 7  craf t  fo r  whic h 
perfcMmanc e dat a wa s uncertain .  Eac h poin t  represent s th e 
m a x i m u m distanc e achieve d b y a  particula r  design . 

Trend s i n Figur e 1  ar e obvious :  fo r  th e mos t  part , 
progres s wa s slo w an d sporadi c betwee n 180 9 an d 1905 . 
Th e Wrigh t  Brother s ar e a  dramati c exceptio n t o thi s 
tendency .  Thei r  progres s wa s rapi d an d steady .  B y 190 5 
the y wer e makin g flight s o f  2 4 mile s whil e thei r 
contemporarie s wer e luck y t o fly  30 0 feet .  I n 190 6 th e 
Wright s receive d a  paten t  coverin g thei r  contro l  system , 
and detail s o f  th e constructio n o f  thei r  craf t  wer e widel y 
published .  Usin g thi s information ,  othe r  inventor s wer e 
abl e t o cop y th e importan t  feature s o f  th e Wrigh t  craf t  an d 
m a ke rapi d progress .  B y 190 9 severa l  wer e abl e t o 
duplicat e th e Wrigh t  Brothers '  success . 
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On th e efficienc y o f  th e inventio n proces s 

The issu e w e wis h t o addres s is :  What  mad e th e Wrigh t 
Brother s s o efficien t  i n thei r  invention ? Thi s questio n ha s 
bee n discusse d b y historian s an d biographers ,  an d man y 
other s a s well .  A s wit h man y othe r  questions ,  th e answe r  i s 
not  simple :  Doubtles s m a n y factor s contribute d t o th e 
efficienc y o f  th e Wrigh t  BrothCTS .  Ye t  man y factor s tha t 
contribute d t o thei r  efficienc y wer e hel d i n c o m m o n wit h 
othe r  inventors .  Ou r  purpos e i s no t  t o develo p a 
comprehensiv e lis t  o f  contributin g factors ,  bu t  t o identif y 
what  se t  th e Wrigh t  Brother s apar t  fro m thei r 
contemporaries . 

M a ny historians ,  biogr^hers ,  an d other s hav e suggeste d 
reason s fo r  th e Wrigh t  Brothers '  efficiency .  T w o reason s 
ar e frequentl y suggeste d b y peopl e unfamilia r  wit h th e 
detail s o f  th e inventio n o f  th e airplane :  th e synerg y 
provide d b y woiidn g togethe r  a s a  tea m an d th e constraint s 
impose d b y limite d funding .  E>oubtles s bot h factor s 
contribute d t o th e Wrigh t  Brothers '  success ,  bu t  thes e ar e 
fa r  fro m uniqu e factors .  M a n y inventor s worke d i n teams : 
Samuel  Langle y an d Charle s Manley ,  Gabrie l  an d Charle s 
Voisin ,  Ott o an d Gusta v Lilienthal .  B16rio t  assemble d a 
larg e an d tainte d tea m heade d b y Peyret .  Indeed ,  workin g 
i n team s wa s almos t  a  necessit y give n th e tas k o f 
constructin g a  person-carryin g craft .  Alon g th e sam e lines . 

1 Thi s figur e wa s compile d usin g th e followin g sources : 
Crouc h (1982 ,  1989a ,  1989b) ,  DoUfu s &  Bouch 6 (1980) . 
Howar d (1987) ,  Jarret t  (1987) ,  Magou n &  Hodgin s (1931) , 
Gibbs-Smit h (1966) ,  McFarlan d (1953) ,  an d Schwipp s 
(1979) .  Model s develope d durin g th e perio d ar e no t  show n 
du e t o th e difficult y i n equatin g thei r  performanc e wit h 
larger-scal e craft .  Th e figure  i s no t  comprehensive :  a s 
m a ny a s 2 5 additiona l  attempt s ar e mentione d i n Gibbs -
Smit h (1966 )  withou t  sufficien t  detai l  fo r  inclusio n i n th e 
table .  F e w o f  thes e craf t  woul d hav e flown  a s fa r  a s 5 0 

fee t 

we fin d mos t  o f  th e inventor s strugglin g wit h limite d 
resources :  th e Voisi n brothers .  Herring ,  eve n B16riot .  Non e 
of  th e seriou s account s o f  th e inventio n o f  th e airplan e 
focuse s o n thes e a s pivota l  factor s fo r  th e Wrigh t  Brothers ' 
success . 

Charle s Gibbs-Smith ,  on e o f  th e foremos t  authoritie s o n 
th e histor y o f  th e inventio n o f  th e airplane ,  advance s a 
differen t  reaso n fo r  th e Wrigh t  Brothers '  efficiency .  H e 
divide d inventor s int o tw o camps :  chai^eur s o f  th e ai r  an d 
airme n (Gibbs-Smith ,  1966) .  A  characteristi c o f  th e 
chauffeu r  apjx'oac h wa s th e belie f  tha t  a n airplan e woul d b e 
simila r  t o a  car .  Give n sufficien t  power ,  a  plan e coul d b e 
'driven '  int o th e ai r  muc h a s a  ca r  drive s alon g a  freeway . 
I n th e chauffeu r  mentality ,  muscl e substitute d fo r 
aerodynamic s an d control .  Thi s grou p focusse d thei r 
effort s towar d th e developmen t  o f  larg e powe r  plants .  Si r 
Hira m Max im ,  th e invento r  o f  th e machin e gun ,  illustrate s 
th e chauffeu r  mentality .  Squanderin g £20,00 0 o f  hi s ow n 
funds .  Si r  Hira m constructe d a  four-to n steam-powere d 
behemot h i n 1894 .  Th e wingsprea d wa s ove r  a  hundre d 
feet .  Eighteen-foo t  propeller s dre w th e unwield y craf t 
d o wn a n 1,80 0 foo t  track .  O n it s  firs t  test ,  th e plan e 
struggle d tw o fee t  int o th e air ,  brok e a  guar d rai l  o n th e 
track ,  an d wa s shu t  down ,  neve r  t o b e teste d again . 

Airme n focusse d thei r  attentio n o n th e problem s o f  fligh t 
wit h les s regar d t o th e developmen t  o f  powere d craft . 
Airme n ofte n buil t  an d teste d glider s i n a n attemp t  t o 
maste r  th e ar t  o f  flight.  Th e Wrigh t  Brother s clearl y fal l 
int o th e airme n category .  The y develope d thre e glider s 
fro m 190 0 t o 190 2 befor e attemptin g t o construc t  a n 
airplane .  Gibbs-Smith' s distinctio n i s a  usefu l  one :  w e no w 
recogniz e th e importanc e o f  aerodynamic s an d contro l  i n 
airplan e flight.  Airme n hav e a n obviou s advantag e ove r 
chauffeur s o f  th e ai r  i n developin g airworth y craft . 
Unfortunately ,  onc e agai n w e find  tha t  thi s distinctio n doe s 
not  differentiat e th e Wrigh t  Brothers  fro m al l  othe r 
inventors .  Lilienthal ,  Pilcher ,  Chanute ,  an d Herrin g wer e 
airmen ,  sharin g thi s advantag e wit h th e Wrigh t  Brothers . 
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Gibbs-Smit h als o draw s attentio n t o th e Wrigh t  Brothers ' 
concer n wit h activ e contro l  instea d o f  passiv e inherent -
stability .  Her e w e fin d on e facto r  tha t  distinguishe s th e 
Wrigh t  Brother s fro m thei r  contemporaries .  Eve n whe n 
detail s o f  th e Wrigh t  syste m o f  contro l  becam e available , 
fe w appreciate d th e importanc e o f  thi s contributio n t o th e 
developmen t  o f  practica l  craft .  Significantly ,  th e Wrigh t 
Brother' s clos e friwi d Octav e Chanute .  w h o witnesse d th e 
succes s o f  th e Wrigh t  glider s an d flyers ,  wa s unabl e t o 
q)preciat e th e importanc e o f  a n activ e syste m o f  control . 

Yet  th e Wrigh t  Brothers '  concer n wit h activ e contro l 
doe s no t  explai n al l  o f  th e efficienc y o f  thei r  inventio n 
process .  Indee d th e contro l  proble m wa s largel y solve d b y 
th e Wright s i n 189 9 whe n the y constructe d a  5 '  biplan e kit e 
t o demonstrat e th e efficac y o f  wing-warpin g a s a  metho d o f 
latera l  control .  Thi s kit e als o ha d a n elevato r  fo r  horizonta l 
control .  Durin g th e nex t  tw o year s th e Wright s spen t  littl e 
tim e o n thi s problem ;  th e control s fo r  wing-warpin g wer e 
tie d of f  i n mos t  o f  th e trial s o f  th e 190 0 an d 190 1 gUders . 
The 190 1 glide r  ha d a  nearly-complet e contro l  system ,  ye t 
Wilbu r  wa s s o dismaye d b y th e performanc e o f  th e craf t 
tha t  h e tol d Orvill e o n th e tri p bac k fro m Kitt y H a w k tha t 
man woul d no t  fl y  withi n thei r  lifetim e (Crouch ,  1989a) .  I n 
additio n t o workin g ou t  th e contro l  problem ,  th e Wright s 
revise d lif t  table s o f  th e day ,  determine d efficien t  an d stabl e 
shape s fo r  wings ,  develope d th e m o d e m theor y o f  propelle r 
function ,  an d teste d win g spar s fo r  drag .  Thes e 
development s wer e no t  motivate d b y a  concer n fo r  activ e 
control ,  ye t  al l  wer e necessar y fo r  th e firs t  powere d flight . 

Biographer s ofte n mentio n th e Wrigh t  Brothers '  skil l  i n 
th e constructio n o f  lightweigh t  craft .  The y wer e goo d wit h 
thei r  hand s an d kne w h o w t o develo p stron g lightweigh t 
structures .  I n contrast ,  Samue l  Langle y woul d creat e 
engineerin g blueprint s o f  craft ,  the n tur n th e design s ove r  t o 
workme n fo r  construction .  Th e resultin g product s wer e 
ofte n wea k an d unstable .  Onc e agai n thi s facto r  i s no t 
uniqu e t o th e Wrigh t  Brothers .  Lilienthal ,  Chanute ,  an d 
Herrin g wer e al l  accomplishe d a t  th e constructio n o f 
lightweight ,  stron g craft .  Lilientha l  an d Chanut e bot h ha d 
engineerin g backgrounds .  Chanut e introduce d t o th e fiel d 
th e biplan e desig n strengthene d b y th e Prat t  trus s use d i n 
bridg e construction .  Thi s desig n wa s use d b y th e Wrigh t 
Brother s i n al l  thei r  earl y craft . 

Withou t  a  doub t  al l  o f  thes e factor s contribute d t o th e 
Wrigh t  Brothers '  efficienc y an d ultimat e success .  Ye t  wit h 
th e exceptio n o f  thei r  focu s o n activ e control ,  non e o f  th e 
factor s i s uniqu e t o th e Wrigh t  Brothers ,  an d s o canno t 
explai n thei r  advantag e ove r  contemporar y competitors . 
Par t  o f  thei r  succes s derive s fro m thei r  focu s o n activ e 
control ,  ye t  thi s facto r  i s to o specifi c  t o explai n al l  o f  th e 
Wrights '  success .  O f  course ,  succes s m a y deriv e fro m a 
subd e synerg y o f  severa l  factor s workin g together ,  rathe r 
tha n bein g th e produc t  o f  a  singl e factor .  Rathe r  tha n 
pursu e thi s line ,  I  wil l  discus s on e fina l  fact w mentione d b y 
historians :  th e metho d use d b y th e Wrigh t  Brothers . 
Althoug h man y giv e th e Wright s credi t  fo r  thei r  metho d o f 
invention ,  fe w comprehensiv e account s hav e bee n provide d 

tha t  describ e th e natur e o f  thei r  method ,  an d documen t  w h y 
i t  wa s s o differen t  fro m thei r  contemporaries . 

Methods of invention 

Conside r  firs t  th e styl e o f  inventio n prevalen t  a t  th e time . 
A would-b e invento r  woul d desig n an d construc t  a  ne w 
glide r  o r  plane .  Th e craf t  usuall y embodie d som e nove l 
featur e tha t  th e invento r  hope d woul d enabl e th e craf t  t o 
succee d wher e other s ha d failed .  Th e craf t  woul d b e take n 
out  t o th e field  an d tested .  I n m a n y case s modification s o r 
adjustment s woul d b e m a d e t o th e craft ,  whil e a t  othe r 
time s th e craf t  woul d b e quickl y destroye d i n a n accident . 
Eventuall y th e invent w woul d tir e o f  th e design ;  sometime s 
he woul d retur n t o th e drawin g boar d t o tr y again , 
sometime s h e woul d giv e u p i n discouragement .  Centra l  t o 
thi s approac h i s a  concer n wit h th e performanc e o f  a 
workin g craft .  Inventor s measure d thei r  succes s i n h o w 
hig h an d fa r  th e craf t  flew,  h o w lon g i t  remaine d i n th e air , 
and s o on .  Usuall y th e result s wer e no t  impressive :  onl y 4 
non-Wrigh t  craf t  ou t  o f  3 9 teste d u p t o 190 6 brok e th e 300 ' 
barrier ,  flying  furthe r  tha n th e lengt h o f  a  footbal l  field. 
Thos e w h o wen t  bac k t o th e drawin g boar d attempte d t o 
utiliz e thei r  performanc e dat a t o improv e th e desig n o f  a 
newer  model ,  althoug h m a n y simpl y abandone d on e ill -
considere d desig n i n favo r  o f  anothe r  equally-poo r  choice . 

Thi s approac h i s terme d design-spac e searc h fo r  th e 
prominenc e give n t o th e design ,  construction ,  an d testin g o f 
complet e crafts .  Th e invento r  ha s availabl e a  numbe r  o f 
differen t  feature s tha t  m a y b e include d i n a  design , 
includin g th e numbe r  o f  wings ,  thei r  shap e an d placement , 
th e positio n o f  th e rudde r  an d elevator ,  propulsio n systems , 
and s o on .  A n invento r  migh t  explor e a  monoplane , 
biplane ,  o r  triplan e design .  Multipl e wing s coul d b e 
arrange d i n a  vertical ,  staggered ,  o r  tande m configuration . 
Th e rudde r  an d elevato r  coul d b e integrate d i n on e uni t  o r 
divide d int o two .  Wing s an d tail s coul d b e mounte d o n 
springs ,  an d s o on .  T o construc t  a  craft ,  th e invento r  ha s t o 
m a ke a  decisio n abou t  eac h o f  thes e factors ,  whic h ar e 
largel y independen t  o f  on e another .  Tabl e 1  show s som e o f 
th e man y feature s tha t  wer e manipulate d t o creat e differen t 
design s fo r  aircraft .  Eve n thoug h th e lis t  i s  fa r  fro m 
comprehensive ,  a t  leas t  12,960,00 0 design s ca n b e realize d 
throug h differen t  decision s abou t  craf t  design .  Th e tas k o f 
th e invento r  i s t o determin e a  configuratio n o f  airplan e 
component s tha t  lead s t o a  woikin g craf t 

Octav e Chanut e develope d a n interestin g craf t  i n 189 6 
tha t  illustrate s th e design-spac e approach .  Hi s glide r  ha d 
si x pair s o f  wing s tha t  coul d b e independentl y place d o n th e 
fuselage .  Th e firs t  configuratio n teste d ha d al l  si x pair s 
mounte d i n th e front .  Thi s configuratio n wa s top-heavy . 
Th e numbe r  o f  win g pair s wa s reduce d fro m si x t o four . 
The n i t  wa s teste d wit h tw o pair s i n fron t  an d fou r  i n th e 
rear .  Th e wing s wer e shifte d abou t  mercilessly ;  finally  th e 
arrangemen t  wa s fixed  wit h five  pair s i n fron t  an d on e pai r 
at  th e rear .  I n thi s configuratio n i t  flew a  distanc e o f  8 2 
feet .  Late r  a n umberella-lik e appendage ,  calle d a n 
aerocurve ,  wa s adde d abov e th e wings .  Th e modifie d craf t 
made a  flight  o f  18 8 fee t  I n designin g a  glide r  wit h 
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Characteristic s o f  craf t 

Number of wings 
Win g configuratio n 
Win g placemen t 
Win g angl e 
Camber  o f  wing s 
Wingspa n 
Chor d 
Shape o f  wing s 
Tai l  placemen t 

Tab l e 1 :  Desig n spac e o f  glider s 

Variant s explore d b y earl y researcher s 

1-80 
monoplane ,  biplane ,  triplan e 
stacked ,  tandem ,  staggere d 
anhedral ,  fla t  wing ,  dihedra l 
1/20 ,  1/15 ,  1/12 ,  1/8 ,  1/ 6 
6'  t o 104 ' 
3'  t o 10 ' 
bird-like ,  rectangular ,  bat-like ,  insect-lik e 
forwar d (canard) ,  rear ,  mi d 

80*3*3*3*5*20*5*4* 3 =  12,960,00 0 differen t  design s 

movabl e wings ,  Chanut e wa s attemptin g t o expedit e th e 
searc h throug h th e spac e o f  glide r  designs :  wit h a  singl e 
craf t  h e w a s abl e t o explor e a  numbe r  o f  differen t 
designs.Eve n still ,  th e differen t  configuration s tha t  wer e 
teste d represen t  onl y a  fractio n o f  th e possibl e 
configuration s show n i n Tabl e 1 . 

For  th e mos t  part ,  th e Wrigh t  Brother s di d no t  wor k thi s 
way .  Rathe r  tha n buildin g whol e craft ,  the y explore d 
problem s relate d t o fligh t  i n isolation .  Thi s styl e i s 
apparen t  fro m th e ver y beginnin g o f  thei r  efforts . 
Recognizin g th e nee d fo r  a  metho d t o contro l  th e latera l 
orientatio n o f  a n airplan e t o preven t  rolls ,  Wilbu r  realize d 
tha t  b y twistin g th e wing s o f  a n airplan e i t  coul d b e turne d 
int o a n 'animate d windmill '  t o righ t  itself .  Th e brother s 
buil t  a  5 '  biplan e kit e t o tes t  thi s method .  Twistin g th e 
wing s o f  th e kit e prove d effectiv e a t  controllin g th e latera l 
movement  o f  th e plane .  Thi s solutio n wa s embodie d i n 
ever y craf t  th e Wrigh t  Brother s buil t  throug h 1909 ,  withou t 
significan t  change . 

Havin g solve d th e proble m o f  latera l  control ,  th e Wright s 
buil t  an d teste d thei r  first  glide r  i n 1900 .  Give n th e 
innovativ e natur e o f  th e ne w syste m fo r  controllin g latera l 
rol l  vi a warpin g th e wings ,  i t  migh t  b e expecte d tha t  m u c h 
of  th e testin g tha t  yea r  woul d cente r  aroun d th e controls . 
Nothin g coul d b e furthe r  from  th e truth :  th e ne w glide r  fo r 
th e mos t  par t  wa s flow n a s a n unmanne d kit e wit h th e 
wing-warpin g control s tie d off .  Wilbu r  an d Orvill e wer e 
confiden t  i n thei r  solutio n t o th e contro l  problem ,  an d wer e 
fa r  mor e concerne d wit h th e amoun t  o f  lif t  generate d b y 
thei r  glider .  The y obtaine d crud e estimate s o f  lif t  usin g 
wind-spee d dat a provide d b y th e nearb y Kitt y H a w k 
weathe r  statio n an d measurin g th e pul l  o f  th e ballaste d craf t 
wit h a  sprin g balance .  Th e obtaine d lif t  wa s fa r  belo w thei r 
expectations ,  althoug h som e o f  th e proble m aros e becaus e 
the y wer e force d t o substitut e shor t  spar s i n thei r  origina l 
design ,  an d th e curvatur e o f  th e win g di d no t  matc h tha t 
use d b y Lilientha l  i n determinin g hi s table s o f  lif t 

Unhapp y wit h th e compromise d constructio n o f  thei r 
fu-s t  craft ,  th e Wright s buil t  a  secon d glide r  i n 1901 .  Thi s 
craf t  ha d adequat e spar s an d win g curvatur e matchin g th e 
semicircula r  cambe r  favore d b y Lilienthal .  Befor e 

returnin g t o Kitt y H a w k i n 1901 ,  th e brother s realize d the y 
neede d thei r  o w n anemomete r  t o obtai n reliabl e measure s 
of  win d spee d a t  th e tes t  site .  O n c e agai n th e craf t  wa s 
routinel y teste d a s a n unmanne d kite .  Usin g a  sprin g 
balanc e an d measurement s o f  win d speed ,  th e brother s 
quickl y realize d tha t  th e lif t  develope d b y thei r  craf t  wa s 
belo w th e expecte d value .  Recognizin g th e futilit y o f 
attempt s t o construc t  furthe r  glider s i n a n effor t  t o solv e th e 
proble m o f  lift ,  a  discourage d Wilbu r  tol d hi s brothe r  o n 
th e tri p bac k fro m Kitt y H a w k tha t  m a n woul d no t  fly  fo r 
fifty  years . 

Recognizin g th e limite d succes s o f  th e 190 1 glider ,  a n 
invento r  adherin g t o desig n spac e searc h migh t  hav e 
continue d t o construc t  an d tes t  ne w 'improved '  version s o f 
th e craft .  Th e Wright s neve r  appea r  t o hav e give n a 
moment' s though t  t o thi s idea .  Afte r  returnin g t o Dayton , 
th e brother s soo n realize d the y neede d anothe r  approac h t o 
explor e th e proble m o f  lift .  The y wante d a  wa y t o quickl y 
explor e a  larg e se t  o f  win g designs ,  somethin g impractica l 
wit h full-scal e craft .  Betwee n Septembe r  an d Novembe r  o f 
190 1 th e brother s buil t  thre e differen t  instrument s t o 
measur e lif t  O n e wa s a  simpl e balanc e whee l  mounte d o n 
a bicycle ,  tw o other s wer e win d tunnels .  Usin g th e thir d 
win d tunnel ,  the y wer e abl e t o measur e th e lif t  an d dra g o f 
fift y  differen t  win g design s i n thre e weeks ,  an d foun d a 
win g desig n fa r  mor e efficien t  tha n tha t  use d i n thei r  190 0 
and 190 1 gliders . 

A rme d wit h thi s newfoun d knowledge ,  th e brothCT S buil t 
a thir d glide r  i n 1902 ,  returnin g t o Kitt y H a w k t o tes t  i t  lat e 
tha t  year .  Althoug h Lilientha l  ha d flown  han g glider s tha t 
achieve d equa l  distances ,  th e 190 2 glide r  wa s th e fus t 
successfu l  aircraf t  wit h three-axi s control .  I t  represente d 
th e solutio n t o mos t  o f  th e fundamenta l  problem s o f 
powere d flight.  Fro m thi s success ,  th e Wrigh t  Brother s 
turne d t o th e tas k o f  developin g a  powere d aircraft .  Her e 
the y wer e face d wit h anothe r  problem :  h o w t o buil d 
effectiv e propellers .  I n lat e 190 2 an d earl y 190 3 th e 
brother s develope d th e m o d e m theor y o f  th e propelle r  a s a 
moveabl e win g wit h forwar d lift ,  an d returne d t o thei r  win d 
tunne l  t o explor e effectiv e propelle r  shapes .  Thi s le d t o th e 
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developmen t  o f  thei r  190 3 flyer,  th e firs t  successfu l 
airplane . 

The Wrigh t  Brother' s metho d ca n b e understoo d a s a 
searc h throug h iti t  functio n space .  Fo r  a  plan e li )  fly,  th e 
wing s mus t  hav e sufficien t  lift ,  th e powe r  plan t  mus t 
generat e sufficien t  thrust ,  an d th e operato r  mus t  b e abl e t o 
contro l  th e orientatio n o f  th e craf t  Rathe r  tha n explorin g 
th e desig n spac e fo r  a  configuratio n tha t  me t  thes e 
functions ,  th e Wright s tackle d eac h proble m independently , 
and foun d effectiv e solution s fo r  eac h problem .  Eac h 
featur e coul d b e integrate d bac k int o th e desig n o f  a n 
aircraft .  Thi s le d t o a  patter n o f  stead y progress :  wit h th e 
exceptio n o f  th e 190 1 glider ,  eac h craf t  fle w furthe r  tha n it s 
predecessor^ . 

The efficiency of different search methods 

The efficienc y o f  th e Wrigh t  Brother s wa s a  natura l 
outcom e o f  thei r  metho d o f  invention.  Fo r  m a n y 
inventions ,  searc h i n th e functio n spac e i s easie r  tha n 
searc h i n th e desig n space .  Thi s inheren t  efficienc y stem s 
from  tw o factors :  feedbac k i n th e functio n spac e i s mor e 
direc t  tha n feedbac k i n th e desig n space ,  an d th e functio n 
spac e i s smalle r  tha n th e desig n space . 

To illustrat e th e rol e o f  feedback ,  w e mus t  recogniz e tha t 
inventor s ofte n us e a  hill-climbin g strateg y i n thei r 
developmen t  process :  the y attemp t  t o us e th e performanc e 
of  a n existin g desig n t o improv e upo n tha t  design . 
Conside r  th e proble m o f  applyin g a  hill-climbin g strateg y 
t o mak e improvement s t o a  glide r  o r  plane .  W h e n th e 
curren t  desig n i s teste d i n th e field,  th e performanc e o f  th e 
craf t  i s  a  functio n o f  a  numbe r  o f  factcffs .  M a n y factor s ar e 
relate d t o th e desig n o f  th e plane ,  suc h a s th e lif t  o f  th e 
wing s an d th e dra g o f  th e fuselage .  Ye t  externa l  factor s 
pla y a  rol e i n overal l  performanc e a s well .  I s th e ai r  stil l  o r 
turbulent ? Ar e updraft s o r  downdraft s present ? Eve n th e 
densit y o f  ai r  an d ai r  temperatur e ca n hav e a  measurabl e 
influence .  Th e plan e mus t  b e teste d extensivel y t o 
eliminat e th e influenc e o f  externa l  factors .  Eve n still ,  dier e 
i s n o simpl e wa y t o attribut e characteristic s o f  flight 
performanc e t o feature s o f  th e design .  Di d th e craf t  fly  8 0 
fee t  becaus e i t  wa s a  biplan e configuratio n o r  becaus e i t 
had a  rear-mounte d elevator ? Th e globa l  i>erformanc e 
metric s giv e fe w clue s t o th e individua l  contribution s o f  th e 
desig n features .  Thus ,  eve n havin g a n accurat e pictur e o f 
th e performanc e o f  a  craf t  i n th e field ,  i t  i s  difficul t  t o 
develo p a n improve d design .  Thi s ca n b e see n i n th e man y 
setback s suffere d b y mos t  inventors :  i t  wa s no t  u n c o m m o n 
fo r  a  moderately-successfu l  craf t  t o b e replace d b y on e tha t 
coul d no t  b e flown. 

Feedbac k i n th e functio n spac e i s fa r  mor e direct .  W h e n 
th e Wrigh t  Brother s measure d lif t  i n thei r  win d tunnel ,  the y 
wer e obtainin g direc t  evidenc e relevan t  t o win g shape . 
Fro m thi s information ,  the y wer e quickl y abl e t o identif y a n 

2 Th e 190 0 craf t  flew  abou t  400 "  wit h assistanc e from  th e 
groun d crew ,  w h o ra n alongsid e an d stabilize d th e craf t  i n 
flight.  Th e 190 1 glide r  flew a  distanc e o f  389 '  i n fre e 
flight 

efficien t  wing .  Compare d t o th e desig n space ,  feedbac k i n 
functio n spac e i s fa r  mor e diagnostic ,  s o tha t  improvement s 
ar e easie r  t o discover . 

The functio n spac e i s a  smalle r  spac e t o searc h tha n th e 
desig n space .  Thi s i s eviden t  whe n considerin g th e smal l 
number  o f  function s a  plan e mus t  posses s t o fly:  develo p 

sufficien t  lif t  t o overcom e gravitationa l  attraction ,  generat e 
sufficien t  thrus t  t o overcom e drag ,  an d contro l  th e plan e i n 
3 axes .  Th e vas t  arra y o f  contemporar y aircraf t  illustrate s 
tha t  man y differen t  design s ca n execut e th e sam e basi c 
functions ,  evidenc e tha t  th e desig n spac e i s large r  tha n th e 
functio n space . 

A curiou s aspec t  o f  functio n spac e searc h i s tha t  i t  ofte n 
involve s design-spac e searc h i n a  smalle r  desig n space . 
Conside r  fo r  a  m o m e n t  th e manne r  i n whic h th e Wrigh t 
Brother s solve d th e proble m o f  lif t  I n testin g win g shapes , 
th e Wrigh t  Brother s engage d i n a  searc h o f  a  smalle r  desig n 
space .  The y ha d littl e theor y o f  aerodynamic s t o guid e 
thei r  constructio n an d testin g o f  fift y  win g shapes .  Th e 
necessar y mathematic s an d physic s wer e no t  develope d 
unti l  afte r  th e airplan e wa s a  practica l  reality .  Ye t  i n 
investigatin g th e desig n spac e o f  win g shapes ,  th e Wright s 
di d no t  hav e t o concer n themselve s wit h othe r  factor s o f 
glide r  design ,  suc h a s fuselag e shape ,  win g placement ,  an d 
so on .  Th e desig n spac e o f  win g shape s i s a  par t  o f  th e 
large r  desig n spac e o f  glider s an d planes ,  becaus e al l  win g 
shape s ca n b e use d i n glider s o r  planes ,  ye t  glider s an d 
plane s involv e othe r  desig n decisicxi s a s well .  B y searchin g 
throug h th e mor e restricte d desig n space ,  th e Wright s wer e 
quickl y abl e t o identif y a n efficien t  win g design ,  an d 
preserv e th e efficienc y o f  th e functio n spac e approac h i n 
developin g a  workin g airplane . 

Give n th e combinatio n o f  direc t  feedbac k an d a  reduce d 
searc h space ,  th e metho d o f  investigatin g th e function s o f 
aircraf t  i s  fa r  mor e efficien t  tha n constructin g an d testin g 
ful l  designs .  Ou t  o f  al l  factor s contributin g t o th e Wrigh t 
Brothers '  efficienc y o f  invention ,  thi s facto r  i s fa r  mor e 
importan t  tha n other s tha t  hav e bee n discussed .  Thi s 
metho d enable d th e Wrigh t  Brother s t o m a k e sustaine d 
progres s tha t  elude d thei r  contemporaries .  H o w an d w h y 
th e Wright s happene d upo n thi s approac h i s no t  known ,  bu t 
th e differenc e betwee n Wilbu r  an d Orvill e an d thei r 
contempwarie s i s striking . 

Conclusion 

Thi s analysi s i s base d upo n th e proble m solvin g mode l  o f 
scientifi c  discover y pu t  forwar d b y Herber t  Simo n (1973) . 
Althoug h inventio n o f  a  comple x devic e i s no t  synonymou s 
wit h th e discover y o f  scientifi c  laws ,  i t  share s a n importan t 
componen t  o f  creativity .  Th e scientis t  o r  invento r  i s 
understoo d t o b e engage d i n heuristi c search .  Drawin g 
upo n th e genera l  mode l  o f  proble m solvin g (Newel l  & 
Simon ,  1972) ,  w e se e tha t  th e Wrigh t  Brother s wer e 
searchin g throug h a  differen t  spac e tha n thei r 
contemporaries .  Give n th e attribute s o f  thi s searc h space , 
thei r  searc h w a s inherentl y mor e efficien t  tha n othe r 
erstwhil e inventors .  A s a  resul t  o f  thi s efficienc y o f 
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method ,  th e Wright s wer e quickl y abl e t o inven t  th e 
airplane . 

Not  ever y inventio n ha s th e propertie s o f  th e airplane , 
and ca n b e subjecte d t o th e sam e typ e o f  analysis . 
However ,  i t  i s  likel y tha t  th e airplan e i s no t  a n isolate d 
case .  Conside r  th e developmen t  o f  comple x intelligen t 
systems ,  suc h a s speec h recognitio n programs .  Inventor s 
can focu s thei r  effort s o n th e constructio n an d testin g o f 
complet e system s an d receiv e globa l  performanc e feedbac k 
tha t  i s  no t  ver y diagnostic ,  o r  the y migh t  focu s thei r  effort s 
on function s tha t  mus t  b e carrie d ou t  b y th e system ,  the n 
develo p an d tes t  module s tha t  carr y ou t  eac h function .  A n 
advantag e th e Wrigh t  Brother s enjoye d wa s tha t  th e 
functiona l  decompositio n ha d alread y bee n provide d b y 
Cayle y on e hundre d year s befor e the y bega n thei r  research. 
Yet  th e efficiencie s o f  th e function-spac e metho d ar e s o 
grea t  tha t  inventor s migh t  conside r  a  progra m o f 
determinin g th e functiona l  decompositio n an d workin g i n 
th e functio n space .  Give n th e advantage s o f  function-spac e 
search ,  thi s metho d i s likel y t o b e mor e effectiv e tha n blin d 
attempt s t o construc t  comple x systems . 

Schwipps ,  W .  1979 .  Lilienthal .  Berlin :  Arami-Verla g 

GmbH. 
Simon ,  H.A .  1973 .  Doe s scientifi c  discover y hav e a  logic ? 

Philosoph y o f  Scienc e 40 ,  471-480 . 
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