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Abstrac t 

In this paper we examine the behavior of a human-computer 
syste m fo r  crisi s response .  A s on e instanc e o f  crisi s manage -
ment ,  w e describ e th e tas k o f  respondin g t o spill s  an d fires  in -
volvin g hazardou s materials .  W e the n describ e Inca ,  a n intel -
ligen t  assistan t  fo r  plannin g an d schedulin g i n thi s domain ,  an d 
it s relatio n t o huma n users .  W e focu s o n Inca' s strateg y o f  re -
trievin g a  cas e fro m a  cas e hbrary ,  seedin g th e initia l  schedule , 
and the n helpin g th e use r  adap t  thi s seed .  W e als o presen t  thre e 
hypothese s abou t  th e behavio r  o f  thi s mixed-initiativ e syste m 
and som e experiment s designe d t o tes t  them .  Th e result s sug -
gest  tha t  ou r  approac h lead s t o faste r  respons e developmen t 
tha n user-generate d o r  automatically-generate d schedule s bu t 
withou t  sacrificin g solutio n quality . 

I n t r o d u c t i o n 

Traditional cognitive science has focused on human cognition 
an d intelligen t  artifacts ,  bu t  i t  ha s devote d les s attentio n t o 
combine d human-machin e systems .  Nevertheless ,  th e sam e 
theoretica l  approach—descriptio n i n term s o f  computationa l 
processes—an d th e sam e experimenta l  method—studyin g th e 
effec t  o f  processe s o n measure s o f  performance—applie s 
equall y t o suc h hybri d entities .  Suc h researc h ha s bee n mos t 
prevalen t  i n th e are a o f  intelligen t  tutorin g system s (Sleema n 
& Brown ,  1982) ,  bu t  i t  seem s equall y applicabl e t o th e stud y 
of  h u m a n interactio n wit h intelligen t  assistants . 

I n th e followin g pages ,  w e describ e a  prototyp e intelligen t 
assistan t  fo r  crisi s response .  I n particular ,  w e examin e th e 
tas k o f  respondin g t o chemica l  spill s  an d fires ,  whic h w e de -
scrib e i n th e followin g section .  Crise s exhibi t  thre e primar y 
themes :  threat ,  urgency ,  an d uncertaint y (Gervasi o &  Iba , 
1997) .  I n thi s paper ,  w e ar e primaril y intereste d i n th e ele -
ment  o f  urgenc y an d th e impac t  tha t  a  computationa l  assistan t 
ca n hav e o n th e effectivenes s an d timelines s o f  a  response . 
Th e nee d fo r  a  rapi d respons e t o suc h situation s suggest s a 
case-base d approac h t o computationa l  support ,  i n whic h th e 
human-machin e combinatio n retrieve s an d adapt s structure s 
fro m a  cas e library .  W e presen t  iNCA ,  a n intelligen t  syste m 
tha t  embodie s thi s desig n constraint ,  an d w e evaluat e thi s ap -
proac h t o crisi s respons e throug h experimenta l  studie s wit h 
i N C A an d h u m a n subject s workin g togethe r  t o construc t  a  re -
spons e t o a  crisis .  A s a n interactiv e computationa l  assistant , 
we clai m tha t  I n c a support s th e rapi d developmen t  o f  high -
qualit y responses .  I n closing ,  w e discus s relate d researc h an d 
describ e som e direction s fo r  futur e work . 

T h e H a z a r d o u s M a t e r i a l s D o m a i n 

A hazardou s material s inciden t  occur s whe n a  spil l  o f  som e 
chemica l  wit h hazardou s propertie s endanger s humans ,  prop -
erty ,  o r  th e environment .  Conside r  a  situatio n involvin g a  lea k 
of  a  toxic ,  flammable  liqui d fro m som e old ,  corrode d con -
tainer s i n a  warehouse .  Th e lea k migh t  resul t  i n a  build-u p 
of  noxiou s fume s tha t  coul d prov e fata l  t o an y inhabitants . 
I n addition ,  spark s fro m nearb y electrica l  equipmen t  pos e th e 
threa t  o f  a n explosion .  Th e lea k m a y als o see p int o th e groun d 
and contaminat e th e wate r  supply ,  thu s endangerin g th e resi -
den t  flora  an d faun a a s well . 

To preven t  thes e disastrou s events ,  a  respons e tea m mus t 
be abl e t o effectivel y an d efficientl y eliminat e th e hazard s 
pose d b y th e incident .  A  respons e involve s man y kind s o f 
actions ,  includin g containin g an d neutralizin g th e spille d ma -
terial ,  extinguishin g an y fires,  evacuatin g o r  isolatin g nearb y 
populations ,  an d cleanin g u p th e involve d area .  A  crisi s re -
spons e tea m mus t  decid e o n th e mos t  appropriat e cours e o f 
action ,  base d o n factor s suc h a s th e propertie s o f  th e ma -
teria l  involved ,  th e siz e o f  th e spill ,  an d th e availabl e re -
sources .  Thei r  jo b i s complicate d b y th e urgen t  natur e o f 
th e situation—delay s i n respondin g t o th e situatio n wil l  resul t 
i n mor e negativ e environmenta l  an d economi c consequences . 
Th e inciden t  i s als o fraugh t  wit h uncertainty—incomplet e in -
formatio n abou t  th e materia l  involved ,  imperfec t  informatio n 
abou t  th e locatio n o f  th e containers ,  unpredictabl e duration s 
of  th e differen t  activities ,  etc .  Large-scal e hazma t  incident s 
m ay requir e th e participatio n o f  multipl e agencies ,  introduc -
in g communicatio n an d coordinatio n issues . 

We hav e develope d a  computationa l  assistan t  t o ai d hu -
m an user s i n th e constructio n o f  crisi s responses .  I n orde r 
t o evaluat e th e resultin g mixed-initiativ e system ,  w e devel -
ope d H a z M a t ,  a  simulate d worl d involvin g hazardou s ma -
terial s incidents .  W e designe d thi s syntheti c domai n accord -
in g t o informatio n fro m th e 199 6 Nort h America n Emergenc y 
Respons e Guideboo k ( N A E R G )  (Transpor t  Canada ,  th e U.S . 
Departmen t  o f  Transportation ,  &  th e Secretaria t  o f  C o m m u-
nication s an d Transportatio n o f  Mexico ,  1996) ,  a  handboo k 
fo r  first  responder s tha t  describe s th e appropriat e response s 
fo r  differen t  situations ,  providin g informatio n o n th e classi -
fication  o f  hazardou s material s an d th e differen t  action s an d 
resource s involve d i n a  response . 

The HAZMAT World 

A H a z M a t  inciden t  i s a  spill ,  an d possibl y a  fire,  involvin g 
on e o f  5 0 differen t  classe s o f  hazardou s materials ,  varyin g 
i n for m (sohd ,  liquid ,  gas )  an d i n hazardou s propertie s (e.g. , 
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toxic ,  corrosive ,  an d flammable).  Incident s ar e categorize d 
as bein g larg e o r  smal l  (involvin g n o m o r e tha n 5 0 gallon s 
of  hazardou s material) ,  an d the y m a y occu r  indoor s o r  out -
doors .  Ther e ar e fou r  type s o f  spills ,  varyin g i n th e amoun t 
alread y spille d an d th e rat e o f  spillage ,  an d ther e ar e five  type s 
of  fires ,  varyin g i n th e a m o u n t  o f  spille d materia l  o n fire  an d 
i f  ther e i s a  fire,  th e rat e o f  fire  growth .  H a z M a t  thu s in -
volve s a  spac e o f  4 0 0 0 differen t  inciden t  classes .  Incident s 
als o hav e associate d fire  an d healt h hazard s tha t  respectivel y 
measur e th e probabilit y o f  a  fire  startin g (i f  ther e isn' t  on e 
already )  an d th e leve l  o f  dange r  t o one' s health .  Thes e sec -
ondar y proble m feature s ar e function s o f  th e material ,  spill , 
and fire  comprisin g a n incident . 

H a z M a t  currentl y include s 4 9 differen t  action s fo r  ad -
dressin g a  spil l  o r  a  fir e (e.g. ,  sto p th e leak ,  extinguis h wit h 
alcohol-resistan t  f o a m )  a s wel l  a s th e hazard s presente d b y 
th e spil l  o r  fir e (e.g. ,  absor b wit h dr y sand ,  eliminat e ignitio n 
sources ,  knoc k d o w n vapor s wit h wate r  fro m a  hydrant) .  Eac h 
actio n require s s o m e subse t  o f  th e 2 5 type s o f  resource s cur -
rentl y provide d i n H a z M a t .  Thes e resource s includ e cre w 
members ,  wate r  source s suc h a s pumper s (fir e engines )  an d 
hydrants ,  differen t  kind s o f  extinguishers ,  an d absorben t  m a -
teria l  lik e san d an d sod a ash . 

We ca n evaluat e th e effect s o f  differen t  action s o n a  sit -
uatio n usin g th e H a z M a t  simulator ,  whic h maintain s pro -
cesse s fo r  trackin g an d updatin g th e dynami c characteristic s 
of  th e domai n fo r  a  give n incident .  Specifically ,  th e stat e o f 
th e worl d i s simulate d wit h numeri c variables ,  correspondin g 
t o th e nominal-value d feature s o f  a  H a z M a t  incident .  Thes e 
include :  th e siz e an d rat e o f  th e spill ,  th e siz e an d rat e o f 
any fire ,  an d th e size s an d rate s o f  th e fire  an d healt h hazard . 
Th e value s o f  thes e variable s ar e determine d b y th e simulate d 
processe s suc h a s th e spil l  rat e an d fire  growt h rat e an d eac h 
variabl e m a y als o b e influence d b y particula r  action s initiate d 
by th e crisi s responder . 

The HAZMAT Response Task 

Give n a  particula r  typ e o f  hazardou s material ,  N A E R G de -
fines  a  subse t  o f  action s (whic h w e cal l  th e lega l  actions )  t o 
be use d i n developin g a  response .  Fo r  example ,  a  fire  in -
volvin g a  flammable,  toxi c soli d m a y b e extinguishe d usin g 
a C O 2 o r  dr y chemica l  extinguisher ,  bu t  no t  a  wate r  o r  foa m 
extinguisher .  Eac h H a z M a t  proble m involve s som e num -
ber ,  possibl y zero ,  o f  eac h typ e o f  resource ,  an d sinc e eac h 
actio n require s som e min imu m se t  o f  resources ,  som e lega l 
action s ma y no t  b e applicabl e t o a  proble m either .  I n addi -
tion ,  eac h resourc e i s associate d wit h a  capacit y an d a  quan -
tity ,  th e capacit y bein g th e m a x i m u m numbe r  o f  action s tha t 
may us e th e resourc e simultaneousl y an d th e quantit y bein g 
th e amoun t  o f  tha t  resourc e availabl e fo r  consumption .  Th e 
action s tha t  for m a  respons e mus t  no t  violat e th e capacit y o r 
quantit y constrain t  o f  an y resource . 

The tas k face d b y a  H a z M a t  crisi s responde r  i s t o choos e 
a subse t  o f  th e lega l  action s fo r  a  proble m an d t o schedul e 
the m o n th e availabl e resources ,  withou t  violatin g an y re -
sourc e constraints .  I n ou r  case ,  th e crisi s responde r  i s a  hybri d 
syste m consistin g o f  a  h u m a n use r  an d ou r  intelligen t  c o m p u -
tationa l  assistant . 

Usin g H a z M a t ,  w e ca n var y th e severit y o f  hazma t  crisi s 
problems ,  an d monito r  an d evaluat e th e effect s o f  differen t  re -
sponse s throug h th e simulator .  W e ca n als o introduc e variou s 
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Figur e 1 :  Mixed-initiativ e respons e t o H a z M a t  crise s in -
volvin g i N C A (th e INteractiv e Crisi s Assistant )  a  h u m a n user . 

type s o f  assistan t  mechan ism s tailore d t o specifi c  aspect s o f 
th e respons e tas k an d evaluat e thei r  utilit y  wit h respec t  t o th e 
overal l  response .  I n ou r  experiments ,  w e use d H a z M a t  t o 
randoml y generat e problem s wit h varie d characteristics ,  an d 
t o evaluat e h u m a n performanc e i n crisi s respons e wit h a  c o m -
putationa l  assistan t  unde r  differen t  conditions . 

HAZMAT Response with INCA 

Crisi s respons e team s ofte n rel y o n standar d operatin g pro -
cedure s t o guid e thei r  decisions .  T h e y als o underg o numer -
ou s trainin g exercise s whic h le t  the m hon e thei r  skill s a s wel l 
as refin e thei r  practices .  Together ,  thes e suggeste d th e case -
base d approac h t o crisi s respons e tha t  w e decide d t o imple -
ment  i n iNCA ,  ou r  INteractiv e Crisi s Assistant .  Recen t  c o m -
putationa l  approache s t o crisi s hav e als o reveale d th e impor -
tanc e o f  maintainin g h u m a n inpu t  i n proble m solving ,  henc e 
we hav e take n a  mixed-initiativ e approac h t o crisi s response . 
Figur e 1  depict s suc h a  hybri d syste m fo r  H a z M a t  respons e 
involvin g i N C A an d a  h u m a n user . 

T o develo p a  solution ,  I n c a first  retrieve s a  cas e fo r  a  sim -
ila r  proble m fro m a  librar y o f  previou s solutions .  i N C A the n 
perform s s o m e initia l  adaptatio n o f  th e solution ,  whic h in -
volve s a  pla n an d a  schedule ,  an d present s thi s candidat e so -
lutio n t o th e user ,  w h o ca n perfor m additiona l  adaptatio n a s 
desired .  Respondin g t o a  H a z M a t  inciden t  thu s involve s 
clos e interactio n betwee n I n c a an d th e h u m a n user ,  w h o to -
gethe r  mus t  decid e o n th e action s t o includ e i n a  respons e an d 
assig n the m t o b e execute d b y specifi c  availabl e resources . 

Case Retrieval and Initial Adaptation 

I n c a i s responsibl e fo r  finding  a  similar ,  previou s cas e f ro m 
it s librar y an d performin g a n initia l  adaptatio n o f  th e retrieve d 
solution .  A  cas e consist s o f  a  problem ,  a  se t  o f  resources ,  a 
set  o f  lega l  actions ,  a  plan ,  an d a  schedule .  Matchin g i s per -
forme d o n th e first  thre e components ,  whic h ar e represente d 
b y a  featur e vector ,  an d th e cas e wit h th e greates t  n u m b e r  o f 
feature s i n c o m m o n wit h th e curren t  situatio n i s retrieved ;  tie s 
ar e broke n arbitrarily. ' 

'i n ou r  experiments ,  w e use d a  simple r  matchin g functio n tha t 
considere d onl y th e lega l  actions ,  whic h w e foun d t o resul t  i n com -
parabl e retrieva l  performance . 
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Afte r  th e mos t  simila r  previou s cas e i s retrieved ,  I nc a per -
form s a n initia l  adaptatio n o f  th e case' s pla n an d schedule . 
Adaptin g th e pla n involve s tw o operations :  deletin g action s 
tha t  wer e lega l  fo r  th e cas e proble m bu t  ar e illega l  fo r  th e 
curren t  problem ,  an d addin g action s tha t  wer e illega l  fo r  th e 
cas e proble m bu t  ar e lega l  fo r  th e curren t  problem .  I n thi s 
way,  I n c a prevent s th e use r  fro m considerin g an y illega l  ac -
tion s an d ensure s tha t  th e use r  i s  awar e o f  al l  th e lega l  actions . 
Adaptin g th e schedul e involve s tw o steps :  matchin g one-to -
on e th e case' s resourc e lis t  t o th e resource s availabl e i n th e 
curren t  problem ,  an d removin g previousl y schedule d action s 
tha t  hav e n o correspondin g resource s i n th e curren t  problem . 
A n y action s withou t  correspondin g resource s an d th e ne w le -
gal  action s ar e lef t  unscheduled . 

Interactive Adaptation 

After Inca retrieves a case and completes its initial adapta-
tio n o f  th e cas e pla n an d schedule ,  i t  present s th e candidat e 
solutio n t o th e h u m a n use r  fo r  additiona l  modification s tha t 
ar e desired .  I n ou r  experiments ,  w e considere d onl y schedul e 
adaptation ,  s o w e wil l  focu s o n tha t  proces s here .  However , 
th e pla n adaptatio n proces s i s als o interactive—th e use r  m a y 
modif y th e hierarchica l  pla n b y expandin g o r  deletin g nodes , 
thereb y affectin g th e action s o r  job s availabl e fo r  scheduling . 

As discusse d earlier ,  ever y actio n ha s a  m i n i m u m resourc e 
requiremen t  an d ever y resourc e ha s associate d capacit y an d 
quantit y constraints .  Allocatin g resource s t o a n actio n in -
volve s choosin g som e numbe r  o f  multiple s o f  it s  m i n i m u m 
requiremen t  an d choosin g th e specifi c  resource s themselves , 
subjec t  t o th e constraint s impose d b y th e resources .  I n addi -
tion ,  th e schedule r  mus t  choos e a  duratio n base d o n th e num -
ber  o f  resource s allocate d t o th e actio n an d whethe r  ther e ar e 
any simultaneou s action s tha t  als o hav e a n effec t  o n th e worl d 
stat e variable s affecte d b y th e action .  Fo r  example ,  th e dura -
tio n fo r  th e actio n o f  extinguishin g a  fir e wit h wate r  fro m a 
hydran t  woul d b e shorte r  wit h mor e m e n an d mor e hose s o r 
i f  anothe r  extinguishmen t  action—say ,  extinguishmen t  wit h 
dr y sand—wil l  als o tak e place . 

A schedule d actio n thu s correspond s t o fou r  decisions :  th e 
number  o f  resource s allocate d t o th e job ,  th e specifi c  re -
source s chosen ,  th e star t  time ,  an d th e duration .  Th e initia l 
candidat e solutio n tha t  iNC A adapt s fro m a  retrieve d cas e an d 
present s t o th e use r  wil l  typicall y contai n som e schedule d 
job s an d som e unschedule d jobs .  B y interactin g wit h Inca , 
th e use r  ca n modif y o r  repai r  thi s schedul e i n five  ways .  Th e 
use r  ca n ad d job s t o th e schedule ,  delet e job s fro m th e sched -
ule ,  shif t  th e star t  tim e o f  a  schedule d job ,  chang e th e duratio n 
of  a  job ,  o r  switc h a  jo b fro m on e resourc e t o another . 

I n c a interact s wit h th e use r  throug h a  menu-drive n graphi -
cal  use r  interfac e an d provide s assistanc e durin g th e schedul e 
adaptatio n proces s i n variou s ways .  Afte r  th e use r  choose s 
a particula r  repai r  operator ,  I nc a take s th e use r  throug h th e 
necessar y se t  o f  decisions .  Fo r  example ,  i f  th e use r  choose s 
t o shif t  th e star t  tim e o f  a n action ,  I nc a first  ask s whethe r  th e 
use r  wishe s t o shif t  th e jo b earlie r  o r  later ,  an d the n i t  ask s fo r 
th e amoun t  b y whic h t o shif t  th e star t  time .  iNC A m a y als o 
sugges t  defaul t  values ,  whic h th e use r  m a y accep t  o r  ignor e 
as desired .  Th e use r  ca n recogniz e a  schedul e tha t  violate s a 
capacit y o r  quantit y constrain t  b y it s graphica l  layou t  a s wel l 
as th e textua l  informatio n provide d i n th e display .  However , 

Inc a als o check s fo r  thi s an d prevent s th e executio n o f  suc h 
illega l  schedules . 

H a z M at  inciden t  respons e i s a  real-tim e problem—th e 
situatio n continue s t o develo p eve n a s th e crisi s responde r 
i s constructin g a  response. ^  A t  an y poin t  durin g proble m 
solving ,  th e use r  m a y decid e t o pos t  th e schedule ,  whic h be -
gin s th e executio n o f  th e schedule d action s a t  thei r  respectiv e 
times .  Th e use r  m a y als o reques t  situatio n update s an d con -
tinu e t o interac t  wit h iNC A t o modif y th e solutio n accordin g 
t o change s i n th e worl d reveale d b y th e updates .  Th e crisi s 
respons e cycl e end s whe n th e crisi s situatio n reache s a  sta -
bl e point—eithe r  whe n th e executio n o f  th e schedule d action s 
successfull y stop s th e spil l  an d an y fire,  o r  al l  th e materia ! 
spill s  an d an y fire  burn s out . 

Empirical Studies 

In designing iNCA, we decided that a case-based approach 
t o crisi s plannin g an d schedulin g woul d suppor t  mor e rapi d 
respons e tha n a  generativ e approach .  Thi s decisio n embodie s 
our  primar y hypothesis ,  whic h w e ca n tes t  experimentally , 
alon g wit h a  secondar y intuitio n tha t  thi s schem e woul d als o 
produc e highe r  qualit y responses .  I n thi s sectio n w e repor t 
preliminar y studie s tha t  examin e bot h o f  thes e claims . 

Experimental Setting and Dependent Measures 

We have already stated our basic hypotheses, but to test 
the m w e mus t  mov e beyon d th e intuitiv e leve l  t o operationa l 
claims .  W e use d th e H a z M a t  domai n an d it s associate d sim -
ulato r  a s ou r  testbed ,  wit h eac h proble m consistin g o f  a  sin -
gl e inciden t  ( a spil l  an d possibl y a  fire).  I n eac h situation ,  w e 
gav e th e subject s a  descriptio n o f  th e inciden t  an d the y use d 
th e graphica l  interfac e t o produc e a  schedul e tha t  addresse s 
th e problem .  However ,  w e als o neede d dependen t  measures , 
independen t  variables ,  an d reasonabl e contro l  conditions . 

Naturally ,  a  case-base d approac h require s a  cas e library . 
We decide d t o utiliz e th e librar y constructio n proces s a s ou r 
contro l  condition .  W e presente d a  sequenc e o f  fifty  problem s 
t o th e subject s w h o wer e require d t o develo p respons e sched -
ule s entirel y fro m scratch .  Subject s selecte d unschedule d 
job s an d assigne d the m t o specifi c  resources ,  als o choosin g 
star t  time s an d durations.Whe n a  subjec t  wa s satisfie d tha t 
thei r  schedul e adequatel y addresse d th e curren t  inciden t  o r 
coul d no t  b e furthe r  improved ,  th e subjec t  qui t  tha t  proble m 
and bega n th e nex t  one .  Th e final  solutio n fo r  eac h proble m 
was stored ,  a s wer e th e adaptation s mad e b y th e use r  t o gener -
at e th e respons e a s wel l  a s th e tim e take n fo r  eac h adaptation ; 
thi s dat a wa s use d fo r  late r  evaluation .  W e collecte d th e solu -
tion s an d store d the m a s cases ,  thereb y formin g th e respectiv e 
cas e librarie s use d i n condition s thre e an d four . 

Our  concer n wit h rapi d respons e t o crise s suggeste d spee d 
as a n obviou s dependen t  variable .  Mor e precisely ,  w e tracke d 
th e tim e a  subjec t  too k t o transfor m a n initia l  schedul e pro -
vide d b y th e syste m int o on e the y foun d acceptabl e enoug h 
t o execute .  Th e secon d issue ,  quality ,  pose d mor e challenges , 
sinc e ther e i s n o righ t  o r  wron g respons e t o a  H a z M a t  inci -

^However ,  i n a n attemp t  t o preven t  a  confound ,  w e di d no t  coun t 
th e tim e take n t o generat e a  respons e whe n evaluatin g th e effective -
ness o f  tha t  response .  Tha t  is ,  w e artificiall y  remove d th e real-tim e 
natur e o f  th e crisi s respons e tas k fo r  th e purpose s o f  ou r  experiments . 
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dent  an d differen t  subject s m a y judg e schedule s accordin g t o 
differen t  subjectiv e standards . 

As a  mean s o f  measurin g quality ,  w e use d th e simulato r 
t o comput e a n improvemen t  metri c reflectin g th e benefi t  o f 
executin g th e user' s respons e compare d t o lettin g th e inci -
dent  procee d withou t  intervention .  Towar d thi s end .  w e ra n 
a give n tes t  proble m throug h th e H a z M a t  simulato r  with -
out  an y response—th e spil l  an d an y fir e wer e allowe d t o pro -
cee d unabate d unti l  al l  th e materia l  wa s spille d and/o r  burned . 
Durin g thi s process ,  w e recorde d particula r  world-stat e pa -
rameter s (e.g. ,  th e amoun t  o f  materia l  spilled ,  th e spil l  rate , 
and th e healt h hazar d level) .  W e the n simulate d th e sam e tes t 
proble m togethe r  wit h th e respons e constructe d b y th e sub -
ject ,  collectin g th e dat a o n th e sam e stat e variables .  W e mea -
sure d th e percen t  improvemen t  fo r  eac h stat e variabl e a s th e 
differenc e betwee n th e variables '  unabate d value s an d thei r 
value s wit h th e respons e generate d b y th e user ,  divide d b y th e 
origina l  unabate d value .  Althoug h user s m a y diffe r  i n th e rel -
ativ e importanc e the y plac e o n respectiv e stat e variable s (an d 
th e correspondin g improvements) ,  fo r  th e sak e o f  uniformit y 
we counte d eac h variabl e equall y b y takin g a  simpl e aver -
age ove r  thes e variables .  Ou r  overal l  percen t  improvemen t 
measur e reflect s th e averag e reductio n i n amoun t  o f  materia l 
spille d an d burne d an d h o w m u c h th e hazard s wer e reduce d 
as a  resul t  o f  th e user' s response . 

Case Seeding vs. Manual Generation 

Our basic prediction is that Inca's seeding of schedules 
wit h retrieve d case s wil l  improv e th e overal l  behavio r  o f  th e 
human-machin e system .  Testin g thi s clai m require s u s t o 
compar e th e standar d versio n o f  Inca ,  i n whic h user s inter -
activel y repaire d a  schedul e tha t  th e syste m retrieve d fro m it s 
cas e library ,  wit h th e contro l  condition ,  wher e th e see d sched -
ul e wa s empt y an d th e use r  wa s require d t o construc t  th e en -
tir e schedul e fro m scratch. ^  Th e intuitio n i s tha t  retrieve d 
cases ,  t o th e exten t  tha t  the y ar e appropriat e t o th e problem , 
giv e user s a  hea d star t  compare d t o startin g wit h a n empt y 
schedule ;  therefore ,  subject s coul d finish  soone r  an d spen d 
mor e tim e improvin g quality . 

The first  an d secon d row s o f  Tabl e 1  sho w th e experimenta l 
result s fo r  thes e tw o condition s o n bot h dependen t  measures , 
base d o n tw o subjects ,  eac h o f  w h o m deal t  wit h thirt y prob -
lem s i n th e seedin g conditio n an d fifty  i n th e contro l  situa -
tion .  First ,  w e se e a  stron g effec t  i n th e tim e take n t o generat e 
a respons e wher e th e case-seede d trial s (ro w 1 )  require d sig -
nificantl y les s tim e tha n th e contro l  conditio n (ro w 2) .  C o m -
parin g qualit y fo r  thes e row s als o show s a  sligh t  advantag e 
fo r  th e case-seede d conditio n bu t  thi s differenc e i s no t  sta -
tisticall y significant .  W e believ e tha t  on e explanatio n fo r  th e 
absenc e o f  a n effec t  i n qualit y i s tha t  th e experimenta l  de -
sig n di d no t  pu t  subject s unde r  tim e pressur e durin g respons e 
generation .  Consequently ,  th e extr a tim e spen t  i n th e contro l 
conditio n m a y hav e bee n use d t o brin g th e leve l  o f  qualit y 
t o tha t  o f  th e case-see d condition .  Thi s suggest s futur e ex -
periment s wher e w e strictl y contro l  respons e tim e s o tha t  w e 
can compar e qualit y acros s condition s a t  corresponding  time s 
durin g respons e generation . 

Tabl e 1 :  Schedulin g tim e an d schedul e qualit y wit h 9 5 % 
confidenc e interval s fo r  eac h experimenta l  condition . 

persona l  cas e seede d 
use r  generate d 
syste m generate d 
othe r  cas e seede d 

tim e 

127.3 5 ± 1 9 . 9 1 
168.9 8 ±  17.0 7 
203.2 7 ± 3 0 . 8 8 
126.5 8 ± 1 5 . 8 2 

qualit y 

34.3 3 ±  4.6 4 
33.6 7 ± 4 . 0 6 
29.5 2 ±  4.4 2 
31.8 3 ± 4 . 5 3 

C a s e Seedin g vs .  A u t o m a t i c Genera t io n 

Although the above comparison provided a clear test of our 
hypotheses ,  th e dua l  facet s o f  th e iNCA-use r  collaboratio n 
sugges t  anothe r  tes t  involvin g a  separat e contro l  condition , 
i n whic h th e intelligen t  assistan t  rathe r  tha n th e use r  gener -
ate s a  schedul e fro m scratch .  Th e intuitio n her e i s tha t  eve n 
thoug h bot h th e schedul e fro m th e retrieve d cas e an d th e on e 
fro m th e autonomou s schedule r  ar e complete ,  th e latte r  wil l 
ten d t o requir e mor e adaptatio n becaus e i t  i s  les s cognitivel y 
compatibl e wit h solution s expecte d an d desire d b y th e user . 
Therefore ,  response s t o problem s i n thi s conditio n shoul d 
tak e longe r  t o complet e an d b e ultimatel y les s effective . 

To conduc t  thi s test ,  w e develope d a n autonomou s sched -
ule r  tha t  use s a  variet y o f  heuristic s t o choos e jobs ,  resourc e 
multiples ,  resources ,  durations ,  an d star t  times .  Job s ar e 
chose n arbitraril y  fro m th e lis t  o f  unschedule d jobs ,  an d re -
source s ar e chose n base d o n m i n i m u m requirement s an d ear -
lies t  availability .  Th e duratio n i s chose n t o b e th e averag e 
expecte d duratio n give n th e proble m an d th e action.' *  Pro -
vide d ther e ar e sufficien t  quantitie s o f  th e chose n resource s 
fo r  th e chose n duration ,  th e job s ar e the n schedule d a s earl y 
as possibl e o n th e chose n resources ,  subjec t  t o capacit y con -
straints .  Wit h thes e heuristics ,  th e autonomou s schedule r 
tend s t o schedul e a s m a n y action s a s earl y a s possible ,  usin g 
th e leas t  numbe r  an d amoun t  o f  resource s a s possible . 

Th e compariso n betwee n th e case-see d conditio n an d th e 
syste m generate d see d (row s 1  &  3  o f  Tabl e 1 ,  respectively ) 
show s a n eve n stronge r  effec t  tha n w e se e betwee n case -
seedin g an d generatio n fro m scratch .  Th e result s i n th e ta -
bl e revea l  tha t  th e user s spen t  m u c h mor e tim e modifyin g th e 
schedul e generate d b y th e syste m tha n the y di d o n th e sched -
ul e fro m th e retrieve d case .  However ,  onc e agai n th e appar -
ent  difference s i n respons e effectivenes s betwee n row s 1  an d 
3 ar e no t  significant ;  w e believ e th e sam e explanatio n applie s 
as before . 

Th e tabl e als o show s tha t  eve n generatin g th e schedul e en -
tirel y fro m scratc h (ro w 2 )  require d m u c h les s tim e tha n re -
pairin g a n autonomousl y generate d one ,  althoug h thi s differ -
enc e wa s no t  significant .  Thi s finding  surprise d u s bu t  tend s t o 
suppor t  ou r  intuitio n tha t  solution s generate d autonomousl y 
ar e cognitivel y incompatibl e wit h thos e desire d b y users .  I t 
als o suggest s th e nee d fo r  improve d heuristic s t o guid e th e 
autonomou s scheduler' s searc h fo r  goo d solutions . 

'Thi s contro l  conditio n consiste d o f  th e sam e run s use d t o con -
struc t  th e cas e libraries . 

"•Th e expecte d duratio n wa s compute d usin g onl y th e equivalen t 
gros s range s fo r  th e proble m featur e values ,  an d no t  throug h an y 
projectio n o r  simulatio n mechanism . 
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Individua l  Difference s 

Th e abov e result s sugges t  tha t  INC A provide s a n appropriat e 
mixtur e o f  h u m a n an d compute r  initiativ e fo r  crisi s responses , 
at  leas t  i n th e H a z M A T domain .  Cas e seedin g combine d wit h 
use r  repai r  fare d better ,  a t  leas t  i n speed ,  tha n eithe r  huma n o r 
syste m generate d schedules .  Bu t  th e result s sa y nothin g abou t 
th e sourc e o f  th e retrieve d schedules .  Thi s suggest s anothe r 

hypothesis :  tha t  user s benefi t  mor e (again ,  i n bot h spee d an d 
quality )  fro m case s the y develope d themselve s tha n the y d o 
from  case s constructe d b y someon e else .  W e teste d thi s pre -
dictio n b y runnin g subject s i n a  fourt h conditio n wher e case s 
wer e retrieve d from  th e othe r  subject' s cas e librar y instea d o f 
thei r  own . 

Th e result s from  thi s stud y d o no t  suppor t  eithe r  o f  ou r  hy -
potheses .  T h e difference s show n i n Tabl e 1  betwee n persona l 
cas e see d (ro w 1 )  an d othe r  cas e see d (ro w 4 )  ar e no t  signifi -
can t  fo r  eithe r  spee d o r  quality .  Separat e analyse s o f  th e dat a 
fo r  th e tw o subject s revea l  a  mai n effec t  o n th e cas e librar y 
tha t  i s  use d rathe r  tha n th e predicte d interactio n betwee n cas e 
librar y an d subject .  Tha t  is ,  on e user' s cas e librar y i s bette r 
i n term s o f  schedulin g tim e fo r  bot h subjects .  (Again ,  ther e 
wer e n o significan t  difference s i n quality. )  Ther e ar e a t  leas t 
tw o explanation s fo r  this ,  th e first  bein g tha t  on e subject' s 
case s wer e simpl y bette r  an d require d les s revisio n fo r  eithe r 
subject .  A n alternativ e explanatio n i s tha t  w e di d no t  suffi -
cientl y eradicat e learnin g effect s an d on e o f  th e subject s wa s 
stil l  improvin g acros s conditions .  Becaus e w e coul d no t  prop -
erl y mi x th e contro l  o r  cas e constructio n condition ,  w e di d 
not  mi x an y o f  th e conditions ;  n o w tha t  w e hav e severa l  cas e 
libraries ,  futur e experiment s wil l  properl y randomiz e presen -
tatio n o f  problem s fro m eac h condition . 

Discussion and Conclusions 

I n th e previou s sections ,  w e describe d ou r  basi c hypothe -
ses an d analyze d dat a fro m preliminar y experiment s usin g 
th e i N C A system .  Th e empirica l  result s supporte d on e o f 
our  primar y hypotheses—case-base d reuieva l  an d adaptatio n 
mechanism s initializ e a  respons e schedul e suc h tha t  i t  ca n b e 
adapte d b y a  crisi s respons e manage r  mor e quickl y tha n i f 
th e schedul e ha d bee n seede d b y anothe r  mechanism .  H o w -
ever ,  w e di d no t  find  statisticall y significan t  suppor t  fo r  ou r 
secon d hypothesis—case-base d initializatio n method s shoul d 
yiel d mor e effectiv e response s tha n alternativ e initializations . 
At  thi s time ,  th e mos t  w e ca n confidentl y clai m i s tha t  case -
base d seedin g allow s faste r  respons e withou t  sacrificin g qual -
ity .  Base d o n this ,  w e als o clai m tha t  iNC A provide s a n ap -
propriate ,  effectiv e an d efficien t  approac h t o crisi s respons e 
deservin g o f  furthe r  investigation . 

Althoug h w e foun d mixe d result s fo r  ou r  mai n hypotheses , 
we ar e no t  ye t  read y t o abando n ou r  predictio n o f  improve d 
qualit y throug h case-seeding .  First ,  w e not e tha t  i n crisi s re -
sponse ,  response s mus t  b e bot h effectiv e an d timel y an d tha t 
thes e issue s ar e inextricabl y entwined .  I f  w e discoun t  im -
provement s i n outcom e b y th e tim e take n t o generat e th e re -
sponse ,  th e result s d o suppor t  significan t  difference s betwee n 
th e tw o case-see d condition s vs .  th e use r  generate d condition . 
M o r e importantly ,  ou r  experimenta l  desig n faile d t o contro l 
fo r  tota l  respons e tim e an d consequentl y ou r  qualit y measur e 
m ay b e revealin g a  ceilin g effect .  A n additiona l  proble m fo r 
our  pilo t  stud y wa s tha t  difference s betwee n proble m inci -

dent s wer e greate r  tha n difference s acros s conditions .  Tha t  is , 
th e difference s i n respons e generatio n tim e betwee n difficul t 
and eas y problem s wa s greate r  tha n tha t  fo r  a  singl e proble m 
unde r  varie d conditions .  Thi s observatio n wa s eve n mor e ap -
paren t  whe n considerin g respons e effectivenes s o r  quality .  I f 
we giv e subject s a  sufficientl y limite d amoun t  o f  tim e acros s 
al l  condition s an d contro l  fo r  proble m difficulty ,  w e ar e confi -
den t  tha t  w e wil l  find  th e difference s i n respons e effectivenes s 

tha t  w e predicted . 
Finally ,  ther e ar e a  fe w additiona l  problem s tha t  w e believ e 

m ay b e confoundin g ou r  result s i n othe r  ways .  First ,  char -
acteristic s o f  th e H a z M a t  crisi s respons e domai n mak e i t 
ver y difficul t  t o develo p heuristic s fo r  effectiv e autonomou s 
schedulin g an d ou r  compariso n t o th e syste m generate d re -
spons e m a y b e to o wea k o f  a  stra w man .  Second ,  iNCA ,  an d 
i n particula r  iNCA' s graphica l  interface ,  place s limitation s o n 
th e user' s abilit y  t o easil y mak e certai n schedul e modifica -
tions ,  potentiall y  increasin g th e tim e require d t o recove r  fro m 
poo r  seeds .  Third ,  interview s wit h th e subject s sugges t  th e 
nee d fo r  explorator y mechanism s tha t  facilitat e a  user' s ex -
ploratio n an d discover y o f  solutions .  Wit h respec t  t o quality , 
i f  w e ar e seein g a n artificiall y  lowere d ceilin g effec t  du e t o 
insufficien t  feedbac k durin g respons e generation ,  suc h tool s 
coul d rais e th e achievabl e leve l  o f  performanc e an d revea l  dif -
ference s betwee n conditions .  Addressin g thes e issue s i s on e 
par t  o f  ou r  futur e work . 

Related Work 

Whil e earl y approache s t o crisi s respons e plannin g wer e pre -
dominantl y autonomou s i n nature ,  mor e recen t  system s pro -
vid e interactiv e mode s that ,  lik e iNCA ,  le t  human s directl y 
contro l  th e pla n developmen t  proces s (e.g. ,  O P L A N - 2 (Tate , 
Drabble ,  &  Kirby ,  1994 )  an d S O C A P (Bienkowski ,  1996)) . 
Unlik e Inca ,  however ,  thes e system s ai d user s i n develop -
in g solution s fro m scratc h rathe r  tha n hel p the m i n adaptin g 
solution s from  previou s cases . 

C L A V I E R (Hinkl e &  Toomey ,  1994) ,  a  case-base d syste m 
fo r  autoclav e loading ,  i s  a n earl y exampl e o f  a  syste m tha t  in -
teractivel y adapt s previou s solutions .  I n th e contex t  o f  case -
base d system s fo r  crises ,  J M C A P (desJardins ,  Francis ,  & 
Wolverton ,  1998 )  use s a  hybri d planne r  fo r  th e developmen t 
of  maritim e evacuatio n operations ,  an d C H A R A DE (Perin i  & 
Ricci ,  1995 )  determine s initia l  interventio n plan s t o contro l 
fores t  fires.  Lik e iNCA ,  thes e system s als o us e a  case-seedin g 
mechanis m t o initializ e th e developmen t  o f  a  response .  iNC A 
differ s i n tha t  i t  i s  a n adaptiv e use r  interfac e (Langley ,  1997 ) 
tha t  ca n acquir e use r  model s t o alte r  it s  behavio r  t o provid e 
personalize d assistanc e (Gervasio ,  Iba ,  &  Langley ,  1998) . 
Thi s pape r  als o focuse d o n a n explici t  evaluatio n o f  th e ben -
efit s o f  cas e seedin g i n a  mixed-initiativ e setting . 

D I A L (Leake ,  1995 )  i s a  case-base d disaste r  respons e plan -
ner  tha t  ca n als o lear n fro m use r  interaction .  I n contras t 
t o iNCA ,  D I A L learn s adaptatio n case s instea d o f  solutio n 
cases ;  D I A L als o take s a  predominantl y automate d approac h 
i n tha t  i t  resort s t o interactiv e adaptatio n onl y i f  i t  doe s no t  al -
read y hav e a n applicabl e adaptatio n case .  Thus ,  D I A L serve s 
as a  learnin g apprentic e whil e iNC A i s mor e o f  a n adaptiv e 
assistant .  C A B I N S (Miyashit a &  Sycara ,  1995 )  i s a n inter -
activ e case-base d assistan t  fo r  job-sho p schedulin g that ,  lik e 
Inca ,  learn s use r  preference s fo r  th e purpos e o f  tailorin g it s 
behavio r  t o individua l  users .  C A B I N S use s case-base d meth -
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ods t o lear n preference s i n th e for m o f  repai r  case s bu t  INC A 
uses case-base d reasonin g t o see d th e respons e proces s an d 
employ s othe r  inductiv e learnin g technique s t o acquir e use r 
preferences . 

Future Work 

The results from this pilot study have been encouraging but 
considerabl e wor k stil l  remains .  Th e mos t  straightforwar d 
tas k involve s refinin g ou r  experimenta l  desig n an d re-runnin g 
th e revise d experiment s wit h additiona l  subjects ,  includin g 
expert s i n th e hazardou s material s domain ,  t o replicat e ou r 
findings  regardin g th e superiorit y o f  case-seede d crisi s re -
sponse s ove r  solution s generate d fro m scratc h o r  initialize d 
by othe r  means .  A n interestin g issu e i s th e degre e t o whic h 
differen t  expert s prefe r  distinc t  solutions ,  whic h wil l  she d 
ligh t  o n th e importanc e o f  personalizatio n i n thi s domain . 

We als o pla n t o exten d iNC A i n variou s directions .  We in -
ten d t o involv e th e use r  i n th e cas e retrieva l  process—whic h 
i s currend y Inca' s sol e responsibility—b y employin g inter -
activ e dialogues ,  a s i n th e adaptatio n process ,  tha t  le t  th e use r 
direc t  retrieva l  t o appropriate ,  preferre d cases .  We hav e als o 
develope d an d ar e testin g advisor y mechanism s fo r  recom -
mendin g repairs/case s tha t  user s ca n accep t  o r  overrid e a s 
the y dee m necessary .  Naturally ,  w e pla n t o desig n an d ex -
ecut e experiment s t o evaluat e th e rat e a t  whic h huma n user s 
accep t  th e recommendations ,  a s wel l  a s reconunendations ' 
objectiv e utilit y  i n term s o f  qualit y  o f  th e resultin g solutions . 
Our  mai n interes t  i s  i n advisor s tha t  wil l  mak e recommenda -
tion s base d o n model s learne d fro m a n individual' s previou s 
interaction s wit h Inca .  We anticipat e tha t  advisor y mecha -
nism s wil l  furthe r  improv e efficiency ,  particularl y  i n th e cas e 
of  learne d models ,  wher e w e expec t  a  greate r  likelihoo d o f 
suggestin g repair s tha t  th e use r  wil l  find  desirable . 

I n th e longe r  term ,  w e hop e t o expan d ou r  softwar e t o sup -
por t  coordinatio n amon g multipl e crisi s managers .  Thi s wil l 
involv e detectin g resourc e conflict s amon g differen t  users ' 
schedule s an d recommendin g step s t o resolv e thos e conflict s 
whil e stil l  meetin g eac h user' s goals .  Trace s o f  suc h con -
flicts  an d thei r  resolution s wil l  agai n provid e dat a fo r  learn -
ing ,  whic h shoul d le t  th e syste m improv e it s abilit y  t o recom -
mend resolution s tha t  ar e likel y t o wor k fo r  particula r  set s o f 
users .  Suc h adaptiv e model s o f  use r  interactio n ar e a  natura l 
extensio n t o th e approac h w e hav e take n wit h individua l  crisi s 
response . 

The result s fro m thi s pilo t  stud y an d othe r  ongoin g wor k 
wit h iNC A indicat e tha t  w e hav e develope d a n exceptionall y 
fertil e framewor k fo r  explorin g issue s o f  interactiv e crisi s  re -
sponse .  The y als o sugges t  tha t  w e hav e a  promisin g candidat e 
fo r  computationa l  assistanc e i n crisi s setting s tha t  merit s ad -
ditiona l  attention . 
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