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Chapter 1

INTRODUCTION 

OBJECTIVES AND OVERVIEW

This i n v e s t i g a t i o n  c o n s id e r s  the  p r a c t i c a l  problem o f  emergency 

e g r e s s  behavior  by occupants  during f i r e s  in  r e s i d e n t i a l  b u i l d i n g s .  

Moreover, i t  d e a l s  with the  t h e o r e t i c a l  problems of  c o n c e p t u a l i z i n g  and 

modeling t h i s  unique and complex phenomenon. An immediate o b j e c t i v e  

was to prov ide  a b a s i s  for  d e v e lo p in g  u s e f u l  t o o l s  for  b u i l d in g  d e s ig n ,  

r e g u l a t i o n ,  and e v a l u a t i o n .  But the research  was guided by o ther  g oa l s  

o f  equal  importance.  P r i m a r i ly ,  t h e s e  were:  (1 )  to  demonstrate  an

approach to o r g a n iz in g  and a n a lyz in g  s u b s t a n t i v e  theory in  environmental  

psycho logy ,  and (2 )  to  i l l u s t r a t e  the  n o t io n  tha t  our understanding of  

d i s c r e t e  s u b s t a n t i v e  areas can be fur thered  through the  s tudy  o f  t h e i r  

i n t e r a c t i o n  w i t h in  a g iven  m i l i e u .

Tools  for  B u i ld ing  D es ign ,  R e g u la t io n ,  

and E va lu a t ion

The importance o f  t h i s  o b j e c t i v e  w i l l  be b e t t e r  understood when 

one c o n s id e r s  the current s t a t e s  of  knowledge and p r a c t i c e  regard ing  

a r c h i t e c t u r a l  d e s ig n  for  l i f e  s a f e t y .  In g e n e r a l ,  codes and standards  

which r e g u l a t e  b u i l d in g  d e s ig n  are  based upon p h y s i c a l  p r i n c i p a l s  and 

p r o f e s s i o n a l  e n g in e e r in g  judgment.  E x p ec ta t ion s  regard ing  human behav-  

during f i r e  s i t u a t i o n s  have h i s t o r i c a l l y  been couched in  broad

1



g e n e r a l i z a t i o n s  and u n t e s t e d  assumptions .  The soundness  o f  r e g u la t o r y  

p r o v i s i o n s  i s  t y p i c a l l y  eva lu a ted  on ly  in  c o nnec t ion  with s t u d i e s  of  

major d i s a s t e r s :  I f  code-complying  f e a t u r e s  o f  a b u i l d in g  or i t s  mode

o f  occupancy are found not to  have performed as a n t i c i p a t e d ,  then some 

a l t e r a t i o n  to the  p r o v i s i o n s  i s  cons id ered  n e c e s s a r y .  Such changes in  

r e g u la t o r y  codes g e n e r a l l y  r e s u l t  from a consensus  o f  p r o f e s s i o n a l  

( e n g i n e e r i n g )  judgment.

U n fo r t u n a t e ly ,  few e f f o r t s  have been undertaken to a s s u r e  that  

l e s s o n s  learned from each d i s a s t e r  w i l l  c o n t r i b u t e  to  a s y s te m a t i c  

understanding of  b u i l d i n g  f i r e  e v e n t s .  This problem i s  e s p e c i a l l y  acute  

when c o n s id e r i n g  occupants '  emergency e g r e s s  behav ior .  At p r e s e n t ,  an 

enormous gap e x i s t s  between what r e s e a r c h e r s  have y e t  to  l earn  about  

emergency eg r es s  r e s p o n s e s ,  and the assumptions about t h e s e  phenomena 

which t y p i c a l l y  gu ide  b u i l d i n g  d e s ig n .

This  t h e s i s  s u g g e s t s  that  such a gap can only be reduced through  

t h e  i n t r o d u c t i o n  of  a g e n e r a l  model of  emergency egress  be hav ior .  The 

purposes o f  such a model are to :  (a )  prov ide  the b u i ld in g  r e g u la t o r y

community with a framework through which to i n t e r p r e t  and apply r e s u l t s  

o f  a c tu a l  f i r e  d i s a s t e r s ;  (b)  prov ide  a r c h i t e c t u r a l  d e s ig n e r s  with a 

mechanism through which l i f e  s a f e t y  problems can be l o g i c a l l y  a n t i c i ­

pated and e va lu a ted  w h i l e  a b u i l d in g  i s  s t i l l  under d e s ig n ;  and 

( c )  prov ide  r e s e a r c h e r s  with a framework for  expanding knowledge in  

t h i s  problem a r e a .
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Organizing and Analyz ing  S u b s ta n t i v e  Theory

in  Environmental  Psycho logy

The Problem o f  Theory Development: S i m i l a r i t i e s  Between Environmental

Psycho logy  and S o c io lo g y

P e r s i s t e n t  d i f f i c u l t i e s  for  environmental  p s y c h o l o g i s t s  have  

in v o lv e d  the deve lopment ,  v a l i d a t i o n ,  and a p p l i c a t i o n  o f  t h e o r i e s  

s t r u c t u r i n g  t h e i r  work ( I t t e l s o n ,  Proshansky,  R i v l i n  and Winkel,  1974;  

I t t e l s o n ,  1976) .  In g e n e r a l ,  t h e r e  has been l i t t l e  d i sagreement over  

th e  r o l e s  of  theory in  gu id ing  the development o f  s p e c i f i c  research  

s t r a t e g i e s ,  and in  s u g g e s t i n g  procedures  for  c o l l e c t i n g  da ta .  However, 

t o  th e  e x te n t  tha t  theory has emphasized a t r a n s a c t i o n a l  r e l a t i o n s h i p  

in which persons are viewed as a c t i v e  p a r t i c i p a n t s  w i t h i n  ongoing s o c i o ­

p h y s i c a l  environments they them se lv es  he lp  c r e a t e ,  t r a d i t i o n a l  l abora­

to ry  exp e r im en ta t ion  has become t h e o r e t i c a l l y  i n a p p r o p r i a t e .  What 

remains i s  the enormous task  o f  f in d in g  a l t e r n a t i v e  m eth o d o lo g ica l  

o r i e n t a t i o n s  (Proshansky,  1976) .

In seek ing  to  understand r e a l - w o r ld  systems by observ ing  them 

d i r e c t l y  (and by thus r e j e c t i n g  th e  labora tory  paradigm),  env ironmental  

p s y c h o l o g i s t s  have f r e q u e n t l y  sought p a r a l l e l s  in  the  f i e l d  o f  s o c i o ­

l o g y .  For example,  s o c i o l o g i s t s  Glaser  and S tr au ss  (1965)  advocated  

methods o f  q u a l i t a t i v e  a n a l y s i s  in the  study o f  s o c i a l  sys tem s,  not  

merely as a pre lu de  to eventu a l  q u a n t i t a t i v e  rese ar c h  ( se e n  to be on ly  

r a r e l y  n e c e s s a r y ) ,  but r a th er  as a b a s i s  for  d e v e lo p in g  s u b s t a n t i v e  

t h e o r e t i c a l  s ta te m e n ts  about t h o s e  s y s te m s .  For most p r a c t i c a l  needs  

o f  s o c i o l o g i s t s ,  in  f a c t ,  G laser  and S tr auss  v i r t u a l l y  r e j e c t e d  

r ig o r o u s  q u a n t i t a t i v e  r e s e a r c h ,  s u g g e s t i n g  tha t  q u a l i t a t i v e  data and
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a n a l y s e s  are s u f f i c i e n t  f o r  gu id in g  i n q u i r y ,  and f o r  d e a l i n g  w i th  

"everyday" q u e s t i o n s  w i th  which the  s o c i o l o g i s t  might have to  d e a l .

S p e c i a l  Concerns o f  Environmental  P s y c h o l o g i s t s

To what degree  ar e  q u a l i t a t i v e  methods s u f f i c i e n t  f o r  d e a l i n g  

w ith  the "everyday" q u e s t i o n s  c o n f r o n t i n g  environmental  p s y c h o l o g i s t s ?  

I n c r e a s i n g l y ,  t h e s e  p r o f e s s i o n a l s  are  required  to d e a l  w i th  problems  

c a s t  i n  s p e c i f i c  c o n t r a c t u a l  language ( e . g . ,  the language o f  b u i l d in g  

d e s ig n  programs and s p e c i f i c a t i o n s ) ,  and laden  with f a r - r e a c h i n g  l e g a l  

or r e g u la t o r y  i m p l i c a t i o n s .  When working i n  such domains as a r c h i t e c ­

t u r a l  d e s i g n ,  urban p lann ing ,  and governmental  r e g u l a t i o n ,  the  

c o n s u l t i n g  environmental  p s y c h o l o g i s t  i s  f r e q u e n t l y  compel led— i f  not  

r e q u i r e d — to  o f f e r  recommendations t h a t  can be shown to  d e r iv e  from 

q u a n t i t a t i v e  and r ig o r o u s  a n a l y s e s  o f  s p e c i f i c  env ironmenta l  problems.  

To guide the development o f  s p e c i f i c  m eth o d o lo g ica l  approaches i n  such  

c a s e s ,  the p r a c t i t i o n e r s  o f  env ironmenta l  psychology  requ ire  q u a n t i t a ­

t i v e  models which can be s t a t e d  i n  some e m p i r i c a l l y  t e s t a b l e  form.

Q u a n t i t a t i v e  S o l u t i o n s

Thus, a lthough the  q u a l i t a t i v e  approach to  theory c o n s t r u c t i o n  

s u g g e s te d  by Glaser and S tr au ss  and o th e rs  seems s u f f i c i e n t  i n  the  

development o f  t e n t a t i v e ,  g e n e r a l  models ,  q u a n t i t a t i v e  methods for  

a n a l y z in g  such models may n e v e r t h e l e s s  be r e q u ir e d .  Where c o r r e l a ­

t i o n a l  data has been o b ta in ed  from h i s t o r i c a l  documents, a n e c d o t a l  

a c c o u n t s ,  or  u n c o n t r o l l e d  f i e l d  s t u d i e s ,  f o r  example,  b e h a v io r a l  

s c i e n t i s t s  have begun to  conduct s o - c a l l e d  path a n a l y s e s ,  based on 

s t a t i s t i c a l  t ec h n iq u es  which enab le  i n v e s t i g a t o r s  to  draw weak c a u s a l  

i n f e r e n c e s  from nonexper imenta l  d a t a .  Path diagrams,  and t h e i r
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a s s o c i a t e d  path c o e f f i c i e n t s ,  permit  r e se a r c h e r s  to  c o n s tr u c t  s t a t i c  

d e s c r i p t i o n s  o f  a g iven  env ironmental  system .

Moreoever, where a d e s c r i p t i o n  o f  a dynamic pr oc e ss  i s  r e q u ire d ,  

or when i t  i s  n e c e s s a r y  for  a problemsolver  to make p r e d i c t i o n s  about  

th e  fu tu r e  behav ior  o f  a system, computer s im u l a t i o n  o f f e r s  an a l t e r n a ­

t i v e  approach to c o n s t r u c t i n g  and a n a ly z in g  m odels .  Models so  

c o n s t r u c t e d  may be induced from q u a l i t a t i v e  i n v e s t i g a t i o n s  of  a sy s te m 's  

b e h a v io r ,  or where such i n v e s t i g a t i o n s  are  i m p r a c t i c a l  to  conduct ,  they  

may be deduced from some h ig h e r  order theory  or c o n j e c t u r e .  Where th e o ­

r e t i c a l  guidance  i s  u n a v a i l a b l e ,  computer s im u l a t i o n s  may even be 

c o n s tr u c t e d  on th e  b a s i s  of  an i n v e s t i g a t o r ' s  s p e c u l a t i o n  about a 

sy s te m 's  b e h a v i o r .  The remainder of  t h i s  d i s s e r t a t i o n  d e t a i l s  the  

a n a l y s i s  of  a model of  emergency e g r e s s  behavior  during  f i r e s  in  r e s i ­

d e n t i a l  b u i l d i n g s ,  v i a  computer s im u l a t i o n  methodology.  While somewhat 

s p e c u l a t i v e ,  t h i s  model i s  based upon an " inform ation  p r oc e ss in g"  e x p l a ­

n a t io n  of  human c o g n i t i v e  b e h a v io r .

Further in g  Understanding o f  Relevant  

S u b s t a n t i v e  Areas

Perhaps the most important requirement o f  computer s im u l a t i o n  

methodology i s  tha t  the i n v e s t i g a t o r  must e x p l i c i t l y  d e f i n e  the para­

meters  and r e l a t i o n s h i p s  b e l i e v e d  to comprise the system under s tudy .  

Computer programs are them se lves  t o t a l l y  c lo s e d  sys tem s ,  and i f  any 

parameter or r e l a t i o n s h i p  i s  l e f t  undef ined ,  a program cannot f u n c t i o n .  

But when a t te m pt ing  to  model such complex environmental  systems as the  

b u i l d i n g  f i r e ,  the i n v e s t i g a t o r  i s  qu ic k ly  over loaded with v a r i a b l e s  and
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r e l a t i o n s h i p s  d e s c r i b i n g  dec is ionm akin g  under s t r e s s  and u n c e r t a i n t y ,  

environmental  s t r e s s o r s ,  the  r o l e  and use  o f  i n fo r m a t io n ,  the  e f f e c t s  of  

in form at ion  o v e r lo a d ,  e t c .  O ften ,  concepts  and data in  such s u b s t a n t i v e  

areas are not immediately  t r a n s f e r a b l e  to the  study o f  a p a r t i c u l a r  e n v i ­

ronmental  phenomenon, and so s im u l a t i o n  program w r i t e r s  must "improvise";  

that  i s ,  they must o f t e n  f a b r i c a t e  t h e i r  models from elements  s p e c i f i ­

c a l l y  m odi f i ed  to  f i t  immediate requirem ents .

T h ere fore ,  when deve loped  to model complex sy s te m s ,  computer 

s im u l a t i o n  programs r e q u ir e  i n v e s t i g a t o r s  to s p e c u l a t e  about the  

i n t e r a c t i o n  of  numerous parameters  emanating from seem ingly  d i s p a r a t e  

s u b s t a n t i v e  a r e a s .  The r e s u l t i n g  c o n f i g u r a t i o n s  (now i n  the  form o f  

programming l o g i c )  may them se lv es  be viewed as hypotheses  about s p e c i f i c  

r e l a t i o n s h i p s ,  under th e  unique c o n d i t i o n s  e s t a b l i s h e d  by the problem 

under s tu dy .  So v iew ed ,  experiments  on the computer s im u l a t i o n  model 

s e r v e  not  on ly to i l l u m i n a t e  the  main problem, but to fu r th e r  our 

understanding  of  c o n t r i b u t i n g  s u b s t a n t i v e  areas as w e l l .  The remainder  

o f  t h i s  chapter  d e t a i l s  the  problem of  emergency e g r e s s  behavior  during  

f i r e s ,  and e s t a b l i s h e s  a b a s i s  fo r  d e a l in g  with t h i s  problem through  

computer s im u l a t i o n  methodology .

PROBLEM CONTEXT

According to e s t i m a t e s  by th e  N at io n a l  F i r e  Prevent ion  and Control  

A d m in i s t r a t io n  (NFPCA), some 8000 to 12000 Americans died in  f i r e s  annu­

a l l y ,  during the p a s t  20 years  (NFPCA, 1978) .  This  r e p r e s e n t s  a r a te  of  

approx imate ly  55 deaths  per m i l l i o n  c i t i z e n s .  The f i r e  f a t a l i t y  r a te  in  

t h e  United S t a t e s  remains the  h i g h e s t  o f  a l l  i n d u s t r i a l i z e d  n a t i o n s .
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According to  the  NFPCA ( 1 9 7 8 ) ,  t h e re  are approximately  10 t imes as 

many i n j u r i e s  from f i r e  in  t h e  U.S.  as t h e r e  are  d e a t h s .  In 1974, for  

example, approx imate ly  123 ,000  i n j u r i e s  were recorded r e p r e s e n t in g  a 

r a te  o f  620 i n j u r i e s  per m i l l i o n  pe r son s .  F i r e - r e l a t e d  i n j u r i e s  tend  

to  be extremely  s e r i o u s :  they are f r e q u e n t l y  q u i t e  p a i n f u l ,  are o f t e n

d i s f i g u r i n g ,  and v i c t i m s  o f t e n  incur  s e v e r e  c o s t s  e m o t i o n a l l y ,  f i n a n ­

c i a l l y ,  and in  the  form o f  l engthy  recovery  p e r io d s .  F i r e - r e l a t e d  

c a s u a l t i e s  most o f t e n  r e s u l t  from the  i n h a l a t i o n  of  nox ious  smoke,  

and a l s o  from burns,  f a l l s ,  be ing  s truck  by d e b r i s ,  e t c .

Children under age 14 and e l d e r l y  persons over age 63 have  

in c urred  d i s p r o p o r t i o n a t e l y  high numbers of  f i r e  f a t a l i t i e s  and 

i n j u r i e s - - s o m e  70 to 80% of  the annual t o t a l s .  Moreover, some 93% of  

a l l  f i r e  c a s u a l t i e s  occur in  r e s i d e n t i a l  environments .  Although t h i s  

i n v e s t i g a t i o n  focused s p e c i f i c a l l y  on the  r e s i d e n t i a l  f i r e  problem, the  

modeling of  occupants '  emeregency e g r e s s  behav iors  did not  look at  the  

e f f e c t s  of  age on e g r e s s  s u c c e s s .

S t a t i s t i c s  showing r e l a t i o n s h i p s  between age ,  occupancy, and in ju ry  

or death from f i r e  s u g g e s t  tha t  w h i l e  p r e s e n t  b u i l d in g  d e s ig n  r e g u la ­

t i o n s  s p e c i f i c a l l y  prov ide  for  emergency e x i t s  and o ther  s a f e t y  f e a t u r e s  

in  b u i l d i n g s ,  o ther  f a c t o r s  may be o p e r a t in g  which somehow v i t i a t e  t h e i r  

in tended e f f e c t i v e n e s s .  For example,  although f i r e - r e s i s t i v e  r e s i d e n ­

t i a l  b u i l d in g s  must u t i l i z e  s p e c i a l  doors to  s e p a r a te  apartment u n i t s  

from c o r r i d o r s ,  and two a c c e p ta b l e  means o f  e gres s  must be provided  

from apartments  or f l o o r s ,  very young c h i ld r e n  are not  l i k e l y  to  have  

been t r a i n e d  in  the  a p p r o p r ia te  use  of  such a r c h i t e c t u r a l  f e a t u r e s  in  

an emergency. S i m i l a r l y ,  e l d e r l y  persons may be com parat ive ly  s low

7



t o  respond to  ambiguous danger s i g n s ,  and thus t h e i r  emergency e g r e s s  

behavior  may appear l e s s  d e l i b e r a t e  and of  lower o v e r a l l  e f f e c t i v e n e s s .

Moreover, r e c e n t  re search  has begun to  s u g g e s t  t h a t  many p e o p le ,  upon 

i n i t i a l  f i r e  a l e r t ,  do not  respond as though speedy e v a c u a t io n  from the  

danger zone was t h e i r  s o l e  o b j e c t i v e  (Wood, 1972; Bryan, 1976,  1977 ) .  

Rather ,  g o a l - s e e k i n g  h i e r a r c h i e s  appear to o p e r a te ,  which account fo r  

th e  consumption o f  much-needed time fo r  s a f e  e g r e s s .  Examples from 

a c t u a l  f i r e  c a s e s  i n c lu d e  the f i n d i n g s  tha t  people  i n  burning b u i l d in g s  

have re tu rned  t o  the danger zone t o  r e t r i e v e  i tems o f  f i n a n c i a l  or 

s e n t i m e n t a l  v a lu e ,  to  a l e r t  or a id  o t h e r s ,  e t c .  In o ther  c a s e s ,  persons  

have been noted to  d e v i a t e  from seem ingly  e f f e c t i v e  e g r e s s  s t r a t e g i e s ,  

reducing the p o s s i b i l i t y  fo r  s a f e  e g r e s s  ( m i s c e l la n e o u s  f i r e  s e r v i c e  

i n v e s t i g a t i o n s ) .

Reviews and rese ar c h  e f f o r t s  f o c u s i n g  s p e c i f i c a l l y  on emergency 

e g r e s s  behavior  during f i r e s  have begun to  r a i s e  s e r i o u s  q u e s t io n s  

about the concepts  und er ly in g  presen t  a r c h i t e c t u r a l  d e s ig n  requirements  

(Breaux,  e t  a l . , 1976; Rubin ana Cohen, 1974; S t a h l  ana Archea,  1977) .  

Recent arguments have s u g g e s te d  t h a t :

( a )  During the very b r i e f  per iod immediate ly  f o l l o w i n g  f i r e  a l e r t ,  

c o n f u s io n  over the l o c a t i o n  and s e v e r i t y  of  the  t h r e a t ,  l o c a t i o n  of  

e x i t s ,  and s e l e c t i o n  o f  e g r e s s  s t r a t e g y  may r e s u l t  i n  the  e l e v a t i o n  of  

p s y c h o l o g i c a l  s t r e s s  and r e s u l t a n t  emot ional  r e s p o n s e s .  I f  t r u e ,  

t h e s e  f a c t o r s  br ing i n t o  q u e s t io n  the  g e n e r a l  assumption that  b u i ld in g  

oc c upants ,  upon r e c e i v i n g  an a l e r t ,  w i l l  proceed imm edia te ly ,  purpose­

f u l l y ,  and d i r e c t l y  to  d e s ig n a te d  areas  o f  s a f e t y .

(b)  While the p r o v i s i o n  of  adequate numbers o f  proper ly  des ig ned  

e x i t  f a c i l i t i e s  i s  a n e c e s s a r y  c o n d i t i o n  fo r  e f f e c t i v e  emergency e g r e s s ,

6



i t  may not be s u f f i c i e n t .  The f a c t o r s  which p r e d i s p o s e  area occupants  

t o  move from th r ea te n e d  zones to  areas  of  r e l a t i v e  s a f e t y  are  d i v e r s e  

and complex.  The q u a l i t y  o f  in form at ion  through which occupants  

p e r c e i v e  the  t h r e a t - l a d e n  environment,  and t h e i r  b e l i e f s  about the  

b u i l d i n g ' s  f i r e - r e s i s t i v e n e s s ,  may be as e s s e n t i a l  to  e g r e s s  s u c c e s s  as 

i s  the p r o v i s i o n  of  adequate e x i t s .

( c )  When moving through c o r r i d o r s  or on s t a i r s ,  persons have been 

noted to  e x h i b i t  i n t e r p e r s o n a l  spac in g  behavior  which c a s t s  i n t o  doubt  

th e  e f f i c a c y  o f  the standard 22 - in c h  channel  width u n i t  (based on the  

s h o u l d e r - t o - s h o u l d e r  width of  the "average" human) as an a ppropr ia te  

requirement fo r  a r c h i t e c t u r a l  d e s ig n  ( P a u l s ,  1975) .

PRESENT RESEARCH ON THE EMERGENCY EGRESS 

BEHAVIOR OF BUILDING OCCUPANTS

Extremely l i t t l e  re se ar c h  i n t o  emergency e g r e s s  behavior  has been  

conducted .  Over th e  l a s t  few d ecades ,  however, s e v e r a l  s t u d i e s  have  

been undertaken.  These i n v e s t i g a t i o n s  c l u s t e r  i n t o  two p r i n c i p a l  c a t e ­

g o r i e s :  ( a )  s t u d i e s  measuring the  f low c a p a c i t y  of  e g r e s s  ways ( e . g . ,

c o r r id o r s  and s t a i r s ) ;  and (b)  p o s t - i n c i d e n t  surveys in  which s u r v iv o r s  

from a c t u a l  f i r e s  were in te r v i e w e d .

I n v e s t i g a t i o n s  o f  the Flow Capacity o f  Egress  Ways

In g e n e r a l ,  the  carry ing  c a p a c i t y  l i t e r a t u r e  has s t r e s s e d  th e  

measurement o f  f low v e l o c i t i e s  and r a t e s  in b u i l d i n g s  o f  va r io u s  ty p e s .  

Two o v e r a l l  o b j e c t i v e s  in vo lve d  the c o n s t r u c t i o n  of  p r e d i c t i v e  models o f
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b u i l d i n g  e g r e s s ,  and th e  e s ta b l i s h m e n t  o f  e g r e s s  f a c i l i t y  d es ign  

s ta n d a r d s .  A c c o r d in g ly ,  r e se a r c h e r s  c o n c e n tr a te d  on the  var iou s  

p h y s i c a l  components o f  e g r e s s  r o u t e s ,  and e va lu a ted  d i f f e r e n c e s  in f low  

c h a r a c t e r i s t i c s  between,  for  example, downward and upward t r a v e l  on 

s t a i r s  and ramps, a long  c o r r i d o r s ,  and through doors .

The work o f  Togawa (1955)  i n  Japan i s  regarded as one of  the most 

d e t a i l e d  ana ly s es  o f  e g r e s s  f low c a p a c i t y .  Togawa's o b j e c t i v e  was to  

survey walk ing v e l o c i t i e s  and f low r a t e s  on s t a i r s ,  through doorways,  

and a long  c o r r i d o r s  in  department s t o r e s ,  apartment h o u s e s ,  t h e a t e r s ,  

museums, h o t e l s ,  and commuter t r a i n  s t a t i o n s .

Togawa conducted f i e l d  s t u d i e s  at  the v a r io u s  s i t e s ,  observ in g  

p e d e s t r i a n  movement during pe r iod s  o f  normal occupancy ( i . e . ,  in  the  

absence  o f  emergency c o n d i t i o n s ) .  Both i n d i v i d u a l  and group movement 

p a t t e r n s  were recorded ,  and the  numbers of  persons  p a s s in g  between  

f i x e d  p o i n t s  were noted .

Like  Togawa, Fruin (1971)  s t u d ie d  p e d e s t r i a n  movement in  var iou s  

c h a n n e l s .  His s p e c i f i c  g o a l s  were to measure p e d e s t r i a n  volume and 

d e n s i t y ,  walking v e l o c i t y  and f lo w  r a t e ,  i n t e r p e r s o n a l  s p a c in g ,  

c o n f l i c t ,  and queuing .  Fruin conducted f i e l d  s t u d i e s  in  p u b l i c  

b u i l d i n g s  o f  v a r io u s  t y p e s ,  in which a c t u a l  u s e r s  were observed during  

non-emergency p e r i o d s .  P e d e s t r i a n s  were timed during t h e i r  journeys  

between f i x e d  p o i n t s  a long  v a r io u s  p a th s ,  as had been done by Togawa.

In a d d i t i o n ,  Fruin inc lud ed  more g e n e r a l  o b s e r v a t i o n s  of  p e d e s t r i a n  

movement be hav ior .

Another example o f  labor a tor y  research  on c ar ry in g  c a p a c i t y  was 

provided by Pesch l  ( 1 9 7 1 ) ,  who i n v e s t i g a t e d  the c a p a c i t y  of  door  

openings  during  s im u la te d  "panic" s i t u a t i o n s .  Pesch l  s im ulated
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v a r io u s  doorway c o n f i g u r a t i o n s  in  the  l a b o r a t o r y ,  and then asked groups  

o f  vary in g  numbers o f  s u b j e c t s  to  pres s  a g a i n s t  the  door openings  u n t i l  

a l l  persons  had moved through.  S u b je c t s  were s tu de nt  v o l u n t e e r s ,  and 

l a r g e  group experiments  were assumed to be analogous t o ,  and r e p r e s e n ­

t a t i v e  o f ,  "panic" c o n d i t i o n s  which might be expected  during  r e a l  b u i l d ­

in g  emergenc ie s .  On the  b a s i s  of  h i s  f i n d i n g s ,  P e s c h l  concluded that  

humans may be assumed to  behave,  during a panic  s i t u a t i o n ,  as granular  

m a t e r ia l  f low in g  from b i n s .  A c c o r d in g ly ,  he recommended that  f l o o r s  

be s loped  toward the  e x i t  doors ,  and t h a t  a s a f e  minimum door width be  

about four f e e t .

While P esch l  advocated  the "granular" ,  or p a r t i c l e  model o f  egres s  

b e h a v io r ,  Henderson (1971)  in troduced  a more r igor ou s  form of  a n a l y s i s .  

In p a r t i c u l a r ,  he s u g g e s te d ,  a p r i o r i , tha t  the movement o f  human crowds 

should be analogous  to  the  propogat ion  of  gas m o le c u l e s ,  and t h a t  such 

movement should be p r e d i c t a b l e  by the  c l a s s i c a l  Maxwell-Boltzman gas  

model .

Henderson d i s t i n g u i s h e d  between low- and h i g h - d e n s i t y  crowd f lo w ,  

and s ugges ted  tha t  each had a c o unterp art  in  a model o f  p a r t i c l e  move­

ment.  In p a r t i c u l a r ,  w h i l e  l o w - d e n s i t y  crowd f low could be t r e a t e d  as 

a gaseous  medium, h i g h - d e n s i t y  f low could  be construed  as a f l u i d .  His  

study was conf in ed  to  an experiment in  " l o w -d e n s i ty "  human crowd 

movement.

Henderson's  i n v e s t i g a t i o n  p r im a r i ly  in vo lve d  two phases .  F i r s t ,  

he observed human movement p a t t e r n s  in  a c t u a l  s e t t i n g s ,  and made 

measurements of  d i r e c t i o n a l  and v e l o c i t y  v e c t o r s .  He s t u d ie d  s e v e r a l  

s e t t i n g s  to  t e s t  v a r io u s  i m p l i c a t i o n s  o f  the  gas theory:  C o l l e g e

s t u d e n ts  on a campus thoroughfare ,  a d u l t s  in  a t r a f f i c  i n t e r s e c t i o n ,
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and c h i l d r e n  i n  a playgound.  Second,  he ran c o m p uter - s im ula t ions  

u s i n g  the Maxwell-Boltzman gas e q u at ion s  to  generate  " p a r t i c l e  behavior"  

i n  analogous  s p a t i a l  c o n f i g u r a t i o n s .  He then ana lyzed  h i s  data by 

t e s t i n g  f o r  agreement between movements of  humans i n  r e a l  e n v ir o n ­

ments ,  v e r s u s  th o s e  p r e d i c t e d  by the s i m u l a t i o n .

I n t e r e s t i n g l y ,  the  Maxwell-Boltzman gas model did p r e d i c t  r e a l -  

world crowd measures somewhat a c c u r a t e l y .  Of g r e a t e r  i n t e r e s t  i s  the  

f a c t  t h a t  Henderson a t t r i b u t e d  much of  the v a r ia n ce  to  s e x  d i f f e r e n c e s  

i n  walk ing  h a b i t s  o f  humans (males  were found to  move f a s t e r  than 

f e m a l e s ) .  When i n t e r p r e t i n g  th e se  f i n d i n g s ,  i t  i s  important to  bear  

i n  mind tha t  the humans observed  by Henderson were n e i t h e r  c o n f in e d  

t o  the r i g i d  environmental  s t r u c t u r e s  of  b u i l d in g  i n t e r i o r s ,  nor were 

they  exposed to  l i f e - t h r e a t e n i n g  e lem ents  o f  any k ind .

The f lo w  of  passengers  i n  London subway s t a t i o n s  was i n v e s t i g a t e d  

by the London Transport  Board ( 1 9 5 8 ) ,  i n  a study which recorded the  

numbers o f  persons  p a s s in g  over s e l e c t e d  p e d e s t r i a n  ways during f i x e d  

pe r io d s  of  t im e .  In a d d i t i o n ,  p op u la t ion  d e n s i t i e s  ana movement v e l o ­

c i t i e s  were a l s o  recorded .  In a p a r a l l e l  s tu d y ,  t h i s  o r g a n i z a t i o n  

conducted f i e l d  exper iments  a t  a bo y ' s  s c h o o l ,  in  which r a t e s  of  f low  

were measured under vary in g  c o n d i t i o n s  of  d e n s i t y  i n  c o r r i d o r s .

Two c o n c lu s i o n s  r e s u l t e d  from the London Transport s t u d i e s .  F i r s t ,  

the i n v e s t i g a t o r s  concluded t h a t  p e d e s tr i a n  "systems" must be s t u d ie d  i n  

t h e i r  e n t i r e t y ,  s i n c e  d i f f e r e n t  segments may c o n t r i b u t e  d i f f e r e n t i a l  

de grees  of  c o n s t r i c t i o n .  This  c o n t r a s t s  with most o th e r  c ar rr y in g  

c a p a c i t y  r e s e a r c h ,  i n  which segments  fo r  d e t a i l e d  study were a r b i t r a r i l y  

d e s i g n a t e d .
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Second, th e  r e s e a r c h e r s  concluded that  the  mechanisms o f  crowd 

f low could not  be c o n s id er e d  analogous  to e i t h e r  l i q u i d  or granular  

f lo w .  I n s t e a d ,  they found that  the speed o f  p e d e s t r i a n  movement with  

r e s p e c t  to  d e n s i t y ,  was re pr ese nte d  by an equat ion which,  in  the  

important middle ranges of  d e n s i t y ,  reduced to the form:

k  =  -T  (1)d

where: k = a c o n s ta n t

v = speed of  p e d e s t r i a n  movement 

d = p e d e s t r i a n  d e n s i t y

The i n v e s t i g a t o r s  argued that  t h i s  r e l a t i o n s h i p  i s  not  analogous  

to  l i q u i d  or granular  f low ,  s i n c e  l i q u i d s  and granules  are v i r t u a l l y  

in c o m p r e s s ib l e ,  and t h e i r  d e n s i t i e s  may be c ons id ered  as c o n s ta n t s  

independent o f  speed .

Pauls  (1975)  documented the  movement o f  peop le  on e x i t  s t a i r s  and 

oth e r  e g r e s s  f a c i l i t i e s  under v a r io u s  c i r c u m s ta n c e s .  Of major impor­

ta n c e  i s  h i s  study o f  some 40 e v a c u a t io n  d r i l l s ,  conducted in  h i g h - r i s e  

o f f i c e  b u i l d i n g s  i n  Canada. Pauls  d i s t i n g u i s h e d  between two types of  

e v a c u a t io n :  t o t a l  e v a c u a t i o n ,  in which a l l  occupants  are  presumed to

at tempt  e g r e s s  s im u l t a n e o u s l y  v ia  the  e x i t  s t a i r s ,  and phased evacua­

t i o n ,  i n  which th e  v a r io u s  f l o o r s  are c l e a r e d  accord ing  to  some 

prearranged sequence .  The p r i n c i p a l  v a r i a b l e s  e va lu a te d  by Pauls  

i n c lu d ed  d e n s i t y  and persona l  space  u t i l i z a t i o n  on s t a i r s ,  speed o f  

d e s c e n t ,  and e vac u at ion  t im e .  Data c o l l e c t e d  during f i r e  d r i l l s
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in c lu d e d  v o i c e - t a p e d  o b server  comments, taped background sounds ,  and 

v i s u a l  records  of  s t a i r  and c o r r i d o r  a c t i v i t y .  I t  was g e n e r a l l y  assumed 

t h a t  the  d r i l l s  occurred  wi thout  p r io r  warning t o  b u i l d i n g  oc c upants .

On the b a s i s  of  h i s  f i e l d  s t u d i e s ,  Pauls  argued th a t  the  

t r a d i t i o n a l  assumptions  which govern s t a i r  d e s ig n  i n  b u i l d i n g  r e g u la ­

t i o n s  be r e c o n s i d e r e d .  He found, f o r  example,  t h a t :

( a )  Evacuees did not  walk i n  a h i g h l y  reg imented f a s h i o n ,  

s h o u l d e r - t o - s h o u l d e r , nor even i n  s ta g g e r e d  f i l e s .  S i d e - t o - s i d e  body 

sway, i n d i v i d u a l  concern fo r  i n t e r p e r s o n a l  s e p a r a t i o n ,  and var y in g  need 

f o r  h a n d r a i l  support a l l  i n f l u e n c e d  the u t i l i z a t i o n  of  e x i t  s t a i r s  by 

e v a c u e e s .

(b)  Speed o f  de sc en t  on s t a i r s  tended to  be more v a r i a b l e ,  and 

g e n e r a l l y  s lo w e r ,  than a r c h i t e c t s  have been l e d  to  b e l i e v e .

( c )  Evacuat ion  t ime i n  t o t a l - e v a c u a t i o n  d r i l l s  appeared to depend 

upon t o t a l  b u i l d in g  p o p u la t io n  and a v a i l a b l e  s t a i r  width:  A 10 s t o r y

b u i l d i n g  wi th  100 occupants  per width u n i t  cou ld  be evacuated  in  l e s s  

than 5 minutes  ( + / -  20%). By c o n t r a s t ,  a 30 s t o r y  b u i ld in g  w i th  1,000

occupants  per u n i t  might take more than 30 minutes  to  e v a c u a te .  Even

t h e s e  e s t i m a t e s  assume t h a t  evacuees  have had p r io r  d r i l l  t r a i n i n g ,  

t h a t  they are not aware o f  the reason  fo r  the e v a c u a t io n  ( i . e . ,  that

i t  i s  only a d r i l l ) ,  and tha t  t r a i n e d  s u p e r v i s o r y  personne l  ( " f l o o r

wardens") are pre sen t  on each f l o o r .

Pauls  1 a n a l y s i s  o f  phase d -e vacu at ion  methods d iv e r g e s  even fu r tn e r  

from a t r a d i t i o n a l  " p a r t i c l e "  approach to  emergency e g r e s s .  According  

to  h i s  o b s e r v a t i o n s ,  phased e v a c u a t io n  r e q u ired  t r a in e d  s u p e r v i s o r s  and 

the maintenance and u t i l i z a t i o n  of  emergency communications sys tem s.
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The e f f i c i e n t  use  o f  e x i t  s t a i r s  was seen  to depend not  on ly  upon 

evacuees '  movements, but a l s o  upon the  o r g a n i z a t i o n  and management o f  

th e  ev a c u a t io n .

Appleton  and Quiggen (1976)  s im ula ted  emergency e g r e s s  procedures  

at  a B r i t i s h  h o s p i t a l .  Data gathered from the  mock eva c u a t io n s  inc lu ded  

p a t i e n t  pr e p ar a t ion  t im e s ,  t r a v e l  t im e s ,  and t r a v e l  sp e e d s .  The c h i e f  

o b j e c t i v e s  of  the  study were to recommend improvements to  d e c r e a s e  

t o t a l  evacuat ion  t im e s ,  and to  deve lop a ge ne r a l  model o f  e vacuat ion  

for  h o s p i t a l s .

During the s i m u l a t i o n s ,  p r o f e s s i o n a l  ac to r s  r o l e - p l a y e d  both 

ambulatory and non-ambulatory p a t i e n t s .  Two p o t e n t i a l  f i r e  s i t u a t i o n s  

were e va lu a ted :  a daytime i n c i d e n t ,  with a l l  s t a f f  members on hand,

and a night im e f i r e ,  during which only  a s k e l e t a l  s t a f f  was p r e s e n t .

The s im ulated  escapes  were f i lm e d ,  and s p e c i a l  a t t e n t i o n  was paid to 

such a c t i v i t i e s  as:  p a t i e n t  p r e p a r a t io n ,  t r a v e l  a c r oss  the  ward,

shunting  p a t i e n t s  through the  e x i t ,  movement on s t a i r s ,  and the  s t a f f  

members' re turn  to the  ward to  a s s i s t  o ther  p a t i e n t s .

As did P a u l s ,  Appleton and Quiggen su gge s te d  f a c t o r s  o p e r a t in g  

during f i r e  s i t u a t i o n s  which cannot be adequate ly  e xp la in e d  by p a r t i c l e  

models .  Examples in c lu d e  s t r e s s  and f a t i g u e ,  which i n f l u e n c e d  the  

performance of  s t a f f  members, as w e l l  as i n d e c i s i o n ,  which occurred  

when a l t e r n a t i v e  e x i t s  were n e c e s s a r y .

P o s t - i n c i d e n t  I n v e s t i g a t i o n s

R e c e n t ly ,  s e v e r a l  i n v e s t i g a t o r s  have attempted to examine emergency 

behavior  in  the c o n t e x t  o f  a c tu a l  b u i l d in g  f i r e s .  In t h e s e  s t u d i e s ,
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f a c i l i t y  d e s ig n  per s e  was not at  i s s u e .  Rather,  r e s e a r c h e r s  empha­

s i z e d  the  need to  understand the network of  b e h a v io r a l  p a t t e r n s  l ead ing  

to  e g r e s s  s u c c e s s .  The major s t u d i e s  are summarized below.

Wood (1972)  had f i r e  department personne l  i n t e r v i e w  v i c t i m s  at  

the scen e  of  f i r e  i n c i d e n t s .  Nearly 1 ,0 00  f i r e s  were i n v e s t i g a t e d  in  

th e  United Kingdom. Approximately 50% o f  t h e s e  occurred in  

s i n g l e - f a m i l y  d w e l l i n g s ,  w h i l e  another  22% occurred  in  f a c t o r i e s  and 

shops .  About 2% in v o lv e d  more than 250 oc c upants .

In preparing  h i s  i n t e r v i e w  s c h e d u l e ,  Wood was concerned with the  

f o l l o w i n g  i s s u e s :  (a )  How occupants  f i r s t  became aware of  the f i r e ;

(b)  The l o c a t i o n  of  occupants  at  the  t ime of  i g n i t i o n ;  ( c )  The f i r s t ,  

second and th ir d  a c t i o n s  taken by oc c upants ,  a f t e r  be ing  a l e r t e d ;

(d)  Whether, and how, occupants  attempted to  l e a v e  the b u i l d i n g ;

( e )  Whether occupants  had d i f f i c u l t y  moving through smoke; and ( f )  The 

l o c a t i o n  o f  occupants  upon a r r i v a l  of  the  f i r e  department.

Wood found tha t  most persons  in te r v ie w e d  became aware o f  the  f i r e  

e i t h e r  when they a c t u a l l y  saw smoke, or through having been a l e r t e d  by 

o t h e r s .  A few respondents  i n d i c a t e d  tha t  they  were i n i t i a l l y  a l e r t e d  

by the  s i g h t  o f  f lam e s ,  or by hear in g  d i s t a n t  s h o u t s .  S t i l l  o th e rs  

sa id  tha t  vague n o i s e s ,  f i r e  alarm s i g n a l s ,  and i n c r e a s e s  in  ambient  

heat  accounted for  t h e i r  i n i t i a l  a l e r t i n g .

The f o l l o w i n g  f a c t o r s  accounted for  about 80% o f  a l l  f i r s t  a c t i o n s  

repor te d :  F ire  f i g h t i n g ,  c a l l i n g  the  f i r e  department,  i n v e s t i g a t i n g

the f i r e ,  warning o t h e r s ,  evacuat ing  o n e s e l f ,  and e vacuat ing  o t h e r s .  

F ig h t in g  the f i r e ,  remaining in p l a c e ,  c a l l i n g  the  f i r e  department,  

l e a v i n g  the b u i l d i n g ,  and s h u t t i n g  doors accounted for  about 60% of  a l l  

second a c t i o n s ,  and approx imate ly  73% o f  a l l  t h i r d  a c t i o n s  r e p o r te d .
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Most a c t i o n s  were found to  be s i m i l a r l y  d i s t r i b u t e d  a c r oss  the  three  

s e q u e n t i a l  c a t e g o r i e s .  An i n t e r e s t i n g  e x c e p t i o n  i s  r e m a i n i n g - i n - p l a c e .  

This a c t i v i t y  was v i r t u a l l y  absent  as a f i r s t  a c t i o n ,  was found to  

account for  some 15% of  the  second a c t i o n s  r e p o r te d ,  and was f i n a l l y  

noted  to  account for  n e a r ly  h a l f  o f  a l l  t h ir d  a c t i o n s  re p or te d .

Wood found tha t  f a m i l i a r i t y  with the b u i l d in g  did not  c o r r e l a t e  

with  the  d i r e c t n e s s  and immediacy w i th  which a person l e f t  the  b u i l d i n g .  

However, persons  who were f a m i l i a r  with  th e  b u i l d i n g :  (a )  Were more

l i k e l y  to  c a l l  the  f i r e  department;  and (b) Were more l i k e l y  to  f i g h t  

the  f i r e .  More peop le  were found to  l e a v e  the b u i l d i n g  immediate ly  

when smoke l e v e l s  were minimal .  In c o n t r a s t ,  immediate egres s  was 

l e s s  l i k e l y  for  persons  who had p r e v i o u s l y  e x p er ienced  b u i l d in g  f i r e s .

Sex d i f f e r e n c e s  were a l s o  found to i n f l u e n c e  emergency a c t i o n s  

taken .  For example,  women were l e s s  l i k e l y  than men to f i g h t  the  f i r e ,  

or to  take o th e r  s t e p s  to  minimize the  a c tu a l  danger .  They were more 

l i k e l y  than men to warn o t h e r s ,  l e a v e  imm edia te ly ,  or reques t  

a s s i s t a n c e .

R e p l i c a t i n g  Wood's s tu d y ,  Bryan (1977)  at tempted to  d e s c r i b e  the  

b e h av ior s  of  f i r e  v i c t i m s  in  i n c i d e n t s  in  the  Washington, D . C . ,

- v i c i n i t y .  As with Wood, Bryan focused  upon r e p o r ts  of  a c t i o n  p a t t e r n s ,  

and c o r r e l a t e d  t h e s e  with such other  f a c t o r s  as sex d i f f e r e n c e s ,  mode o f  

i n i t i a l  a l e r t ,  and p r i o r  e x p e r i e n c e s  in  b u i l d i n g  f i r e s .

Bryan g e n e r a l l y  corrob orated  Wood's f i n d i n g s  on i s s u e s  concern in g  

mode o f  i n i t i a l  a l e r t ,  reasons  reported  for  not  l e a v i n g  the  b u i l d i n g ,  

reasons  reported  for  r e - e n t r y  i n t o  the  burning b u i l d i n g ,  and sex  

d i f f e r e n c e s  in  r e - e n t r y  be h a v io r .
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However, f i n d i n g s  reported  by Bryan f a i l e d  to c o r r o b o r a te  Wood's 

concern ing  f i r s t  a c t i o n  as a f u n c t i o n  of  pr e v iou s  f i r e  e x p e r i e n c e ,  and 

f i r s t  a c t i o n  as a f u n c t i o n  o f  s e x .  R e g r e t t a b l y ,  data  repor ted  by Bryan 

were not  always presen ted  i n  a format c o n s i s t e n t  with Wood's. Conse­

q u e n t l y ,  o p p o r t u n i t i e s  for  comparison a long  a v a r i e t y  o f  o ther  f a c t o r s  

were l o s t .

A s i m i l a r  rese ar c h  s t r a t e g y  was employed by Haber ( 1 9 7 6 ) ,  who 

in te r v ie w e d  s u r v iv o r s  of  f a t a l  f i r e s  in  t o t a l - c a r e  i n s t i t u t i o n s .  These  

inc lud ed  h o s p i t a l s ,  nurs ing  homes, and a home fo r  e l d e r l y  persons .  Her 

p r i n c i p a l  o b j e c t i v e  was to  determine how s o c i a l  s t r u c t u r e s  changed as a 

r e s u l t  o f  f i r e s  in  t h e s e  f a c i l i t i e s .  Haber found that  most o f  the  

b u i l d i n g s  surveyed met a l l  the  a p p l i c a b l e  c o n s t r u c t i o n  and d es ign  c o d e s ,  

and tha t  they had not  been c r i t i c i z e d  as f i r e  hazards .

Rather than b u i l d in g  or f l o o r  " s i z e " ,  the s o c i a l  s t r u c t u r e  and 

i n s t i t u t i o n a l  o r g a n i z a t i o n  on f l o o r s  emerged as important f a c t o r s .  In 

f i v e  o f  the seven f i r e s  i n v e s t i g a t e d ,  the  room of  o r i g i n  was in  the  

extreme corner of  the  f i r e  f l o o r ,  fa r  removed from the  n urses '  s t a t i o n .  

I t  was a l s o  found tha t  the occupants  of  such corner  rooms tended to be 

th e  most de v iant  and c h r o n i c a l l y  i l l  p a t i e n t s  on the f l o o r .  "Undesir­

ab le" p a t i e n t s  were o f t e n  a s s ig n e d  to  rooms far  d i s t a n t  from nurses '  

s t a t i o n s  and the  l e a s t  a t t e n t i o n  tended to  be paid to the  most d i s t a n t  

p a t i e n t s  ( i n  terms of  s u r v e i l l a n c e  and s u p e r v i s i o n ) .

While i t  was extremely  d i f f i c u l t  to  r e c o n s t r u c t  the p r e - f i r e  

so c io -e n v ir o n m e n t  s t r u c t u r e s  in  a p o s t -h o c  s tu dy ,  Haber found i n d i c a ­

t i o n s  that  the f i r e s  she s tu d ie d  were preceded by changes in  normal 

r o u t i n e ,  or by the occurrence  o f  some h i g h l y  unusual  problem in  the  

b u i l d i n g .
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General  C onc lus ions  from the  L i t e r a t u r e

The two p r i n c i p a l  bod ies  o f  l i t e r a t u r e  r e l e v a n t  to  the  problem of  

emergency eg r es s  were rev iewed .  On the  b a s i s  o f  t h i s  r ev iew ,  s e v e r a l  

genera l  o b s e r v a t i o n s  about the  s t a t e - o f - t h e - a r t  emerge:

(a )  I n v e s t i g a t i o n s  o f  e g r e s s  f a c i l i t y  c a r ry in g  c a p a c i t y  were 

conducted e i t h e r  under c o n t r i v e d  la b or a tor y  c o n d i t i o n s ,  or in  r e a l  

b u i l d i n g s  during non-emergency p e r i o d s .  In no c a s e  were s u b j e c t s  under 

any t h r e a t  of  in ju r y  or death ,  nor did they  b e l i e v e  they  were.  I n f e r ­

ences from t h e s e  i n v e s t i g a t i o n s  regard in g  opt im al  channel  widths  or 

c o n f i g u r a t i o n s  have ,  however, o f t e n  been assumed to g e n e r a l i z e  to  the  

c a s e  o f  emergency e g r e s s .

(b)  I n v e s t i g a t o r s  s tu d y in g  the  c a r ry in g  c a p a c i t y  of  e g r e s s  ways 

were p r im a r i ly  concerned with  th e  d e s ig n  and p r o t e c t i o n  o f  e g r e s s -  

r e l a t e d  b u i l d i n g  components.  Their  a n a ly s e s  took no account of  other  

l e s s  p r o t e c t e d  p o r t i o n s  of  b u i l d i n g  f l o o r s ,  where l i f e - t h r e a t e n i n g  

s t i m u l i  are l i k e l y  to be most a c u t e ,  and where p a t t e r n s  of  emergency 

behav ior  u s u a l l y  b e g i n .

( c )  Survey rese ar c h  in  which f i r e  v i c t i m s  were in te r v ie w e d  has 

not emphasized the  d e s ig n  and c o n f i g u r a t i o n  of  the  p h y s i c a l  environment.  

Rather ,  the  r e c o n s t r u c t i o n  o f  b e h a v io r a l  networks was s t r e s s e d .

(d)  While survey  rese ar c h  has attempted t o  d e s c r i b e  gr o s s  outcomes  

o f  b u i l d i n g  f i r e s ,  no i n v e s t i g a t o r s  have focused on t h e  c o g n i t i v e  

p r o c e s s e s  of  i n d i v i d u a l  occupants  during the  emergency e v e n t .
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INADEQUACIES OF THE PREVIOUS RESEARCH, 

AND THE NEED FOR THEORETICAL DEVELOPMENT

I t  was s t a t e d  e a r l i e r  in  t h i s  Chapter tha t  a c r i t i c a l  gap e x i s t s  

between what r e se a r c h e r s  have ye t  to  l ea r n  about emergency e g r e s s  

be hav ior ,  and assumptions  about such behavior  which are b u i l t  i n t o  

current b u i l d i n g  d e s ig n  and r e g u la t o r y  p r a c t i c e .  I t  was a l s o  s ugges ted  

th a t  t h i s  gap e x i s t s ,  a t  l e a s t  in  p a r t ,  because  no t h e o r e t i c a l  

framework i s  a v a i l a b l e  to  u n i f y  and guide  research  e f f o r t s ,  to  h e lp  

i n t e r p r e t  f i n d i n g s ,  and to  he lp  i d e n t i f y  and e v a lu a te  l i f e  s a f e t y  d es ign  

problems.  The need for  such a framework forms an important argument of  

th e  current  t h e s i s .  Another key argument, a l s o  o u t l i n e d  e a r l i e r ,  

i n v o l v e s  the  requirement  t h a t  theory  be deve loped  through a d e d u c t iv e  

approach,  because  c e r t a i n  p e c u l i a r i t i e s  and i n c o n s i s t e n c i e s  inheren t  in  

the prev iou s  research  did not make a v a i l a b l e  data amenable for  use  in  

d e r i v i n g  models e m p i r i c a l l y .  Having reviewed the l i t e r a t u r e  on eg r es s  

b e h a v io r ,  we can now summarize t h e s e  d i f f i c u l t i e s .

F i r s t ,  a v a i l a b l e  data  shed v i r t u a l l y  no l i g h t  on the c o g n i t i v e  

p r o c e s s e s  at  work during b u i l d in g  f i r e  em ergenc ie s .  For example,  w h i l e  

Wood (1972)  and Bryan (1977)  attempted to  i d e n t i f y  a c t i o n  s equences ,  

n e i t h e r  d e s c r ib e d  s p e c i f i c  p r o c e s s e s  through which such sequences  were 

determin ed .  A c c o r d in g ly ,  t here  remains no d i r e c t  knowledge of:

(a )  occupants '  p e r c e p t i o n  of  the  b u i l d i n g - s c a l e  emergency environment;

(b)  mechanisms for  g a t h e r in g  and i n t e r p r e t i n g  in form at ion  about the  

emergency s i t u a t i o n ;  ( c )  mechanisms for  e v a lu a t i n g  a l t e r n a t i v e  a c t i o n  

p a t t e r n s ;  and (d)  s t r a t e g i e s  for  making d e c i s i o n s  about a c t i o n  in or 

upon the emergency environment.
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Second, the l i t e r a t u r e  i s  c h a r a c t e r i z e d  by s e v e r a l  important  

m e t h od o log ica l  shor tcom in gs .  Taken as  a whole ,  f o r  example, the body 

o f  r e se a r c h  on e g r e s s  behavior  and human r e sp o n s e s  during f i r e s  was not  

guided by any s i n g l e  s e t  of  o b j e c t i v e s .  Consequently ,  i n d i v i d u a l  

e f f o r t s  were n e i t h e r  cumulat ive  nor p u r p o s e f u l l y  d i r e c t e d  toward theory  

development.  Ins tead  a c o l l e c t i o n  of  d i s c r e t e  s t u d i e s  e x i s t s  i n  which 

i t  i s  o f t e n  d i f f i c u l t  to  even compare r e s u l t s  fo r  o s t e n s i b l y  s i m i l a r  

v a r i a b l e s .  Moreover,  many of the s t u d i e s  d i s c u s s e d  above s u f f e r  

problems o f  r e l i a b i l i t y  and v a l i d i t y .  Inc luded are the  f o l l o w i n g :

(a )  Such complex c o n s t r u c t s  as  "egress  behavior" were o f t e n  

o p e r a t i o n a l i z e d  i n  terms o f  p e d e s t r i a n  f low measures ( e . g . ,  v e l o c i t y ,  

f low  r a t e ,  d e n s i t y ) .  Variance due to  s o c i a l  and c o g n i t i v e  f a c t o r s  

cou ld  not  be a s s e s s e d ,  and var ian ce  a t t r i b u t e d  to  p h y s i c a l  d es ign  

f e a t u r e s  may t h e r e f o r e  have been o v e r r a t e d .

(b )  With few e x c e p t i o n s  (exper im ents  by P e s c h l  and Henderson),  

f i e l d  i n v e s t i g a t i o n s  of  the c arry ing  c a p a c i t y  o f  e g r e s s  ways were char­

a c t e r i z e d  by a l a c k  of  exper im enta l  c o n t r o l s  (comparison groups and/or  

exper im enter  m a n ip u la t i o n s ) .  In f a c t ,  most s t u d i e s  i n v o lv e d  no t e s t s  of  

e x p l i c i t  h y p o t h e s e s ,  and may c on se q u e n t ly  be viewed as e x e r c i s e s  i n  

data  c o l l e c t i o n  t e c h n iq u e .

( c )  Even where meaningful  t rends  might have been found in  the  

car ry in g  c a p a c i t y  d a ta ,  i n v e s t i g a t o r s  r a r e l y  at tempted  to  d e s c r ib e  t h e s e  

t rend s  i n  a s t a t i s t i c a l l y  r igor ou s  f a s h i o n .

(d) Surveys o f  f i r e  s u r v iv o r s  c o n s i s t e d  of  s c a l e d ,  s t r u c t u r e d ,  

and open-ended q u e s t io n n a ir e  i t e m s .  The r e l i a b i l i t y  and v a l i d i t y  of  the  

v a r io u s  p r o t o c o l s  employed have n o t ,  to  d a t e ,  been examined.
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( e )  Survey r e s e a r c h e r s  never s y s t e m a t i c a l l y  c o n t r o l l e d  for  e f f e c t s  

a r i s i n g  from the  temporal  prox im i ty  of  the  i n t e r v i e w  and the  a c tu a l  

e x p e r ie n c e .  Where too long a per io d  la p s e d ,  for  example, respondents'  

im press io ns  of  the event  may have changed due to  media r e p o r t s  and i n t e r ­

a c t i o n s  with o ther  v i c t i m s .  Moreover,  the emotional  impact o f  the event  

may, over t ime,  have a l t e r e d  th e  i n d i v i d u a l ' s  memory of  the f i r e  e x p e r i ­

ence .  Converse ly ,  i f  the event was t rau m at ic ,  too shor t  a t ime la p s e  

cou ld  have r e s u l t e d  i n  d i s t o r t e d  r e p o r t s .  For the  a v a i l a b l e  data base ,  

th e  e x te n t  o f  such e f f e c t s — and hence the  v a l i d i t y  of  f i n d i n g s — are  

l a r g e l y  in d e te r m in a t e .

( f )  F i n a l l y ,  when proper ly  conducted an i n t e r v i e w  may y i e l d  much 

i n s i g h t  i n t o  b e h a v io r a l  p r o c e s s e s  which r e s u l t  i n  s a f e  escape  during a 

b u i l d i n g  f i r e .  S ince  t h o s e  who do not  s u r v iv e  can never be in te r v i e w e d ,  

our knowledge o f  p r o c e s s e s  l e a d in g  to  f a i l u r e  can on ly be based on 

i n d i r e c t  i n f e r e n c e .

SUMMARY, AND ORGANIZATION OF THE DISSERTATION

This i n v e s t i g a t i o n  c o n s id e r s  the  p r a c t i c a l  problem of  emergency 

e g r e s s  behavior  by b u i l d i n g  occupants .  In a d d i t i o n ,  i t  d e a l s  with the  

t h e o r e t i c a l  problems of  c o n c e p t u a l i z i n g  and modeling t h i s  unique and 

complex phenomenon, and with  the  m eth o d o lo g ica l  i s s u e s  o f  computer 

s i m u l a t i o n .  The rese ar c h  was guided by the  f o l l o w i n g  o b j e c t i v e s :

(1 )  to  prov ide  a b a s i s  from which to deve lop u s e f u l  t o o l s  for  b u i ld in g  

d e s i g n ,  r e g u l a t i o n ,  and e v a l u a t i o n ,  (2 )  to  demonstrate  an approach to  

t h e  o r g a n i z a t i o n  and a n a l y s i s  o f  s u b s t a n t i v e  theory in  environmental  

p syc h o logy ,  and (3 )  to  i l l u s t r a t e  the  n o t io n  tha t  the genera l
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unders tanding  o f  i n d i v i d u a l  r e se a r c h  areas  can be f u r th e r e d  through  

the s tudy  of  t h e i r  i n t e r a c t i o n  w i t h in  a g iv en  m i l i e u .

Concerning the  s p e c i a l  problem o f  human behavior  i n  f i r e s ,  

important  arguments advanced by t h i s  t h e s i s  i n v o l v e  the n o t io n s  th a t :

( 1 )  A c r i t i c a l  knowledge gap e x i s t s  between what i s  c u r r e n t l y  known 

about the  emergency e g r e s s  behavior  o f  b u i l d i n g  oc c upants ,  and assump­

t i o n s  regard ing  such behavior  which are  r o u t i n e l y  b u i l t  i n t o  current  

a r c h i t e c t u r a l  d e s ig n  and b u i l d i n g  r e g u la t o r y  p r a c t i c e s .  (2 )  This gap 

can be reduced most e f f e c t i v e l y  through the i n t r o d u c t i o n  of  a t h e o r e ­

t i c a l  framework. (3 )  D e f i c i e n c i e s  i n  the e x i s t i n g  l i t e r a t u r e  make 

e m p ir i c a l  model development i n a p p r o p r i a t e ,  and s u g g e s t  the  n e c e s s i t y  fo r  

a de d u c t ive  approach.

An e le m en ta r y ,  or " s k e l e t a l "  model o f  emergency e g r e s s  behavior  

i s  presen te d  i n  Chapter I I .  The modeling e x e r c i s e  provided  an oppor­

t u n i t y  to  combine a p p l i c a b l e  e lem ents  from p s y c h o l o g i c a l  theory  wi th  

a v a i l a b l e  e m p ir i c a l  knowledge about emergency e g r e s s  during b u i ld in g  

f i r e s .  V a r ia b le s  and r e l a t i o n s h i p s  com pris in g  the  model were opera­

t i o n a l i z e d  i n  the form of  a computer s im u l a t i o n  program. This  program,  

BF1RES, i s  in tr o d u ce d  i n  Chapter I I .  Links between BFIRES and the  

u n d er ly in g  model o f  emergency e g r e s s  behavior are  p r e s en te d  i n  

Appendix B, and the  program i s  f u l l y  d e s c r ib e d  i n  Appendix C.

T e s t s  of  the i n t e r n a l  and e x t e r n a l  v a l i d i t y  o f  BFIRES a r e  pre­

s e n t e d  i n  Chapter I I I .  In t h i s  d i s s e r t a t i o n ,  i n t e r n a l  v a l i d i t y  r e f e r s  

t o  the f i t  between the computer program and the b e h a v io r a l  model from 

which i t  was d e r i v e d .  Externa l  v a l i d i t y  r e f e r s  to  the e x t e n t  to  which 

s im u la te d  f i r e  outcomes correspond to those  of  a c t u a l  f i r e  e v e n t s .
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F i n a l l y ,  c o n c l u s i o n s  and d i r e c t i o n s  for  f u tu r e  research  are  

explored  i n  Chapter IV. In p a r t i c u l a r ,  f i n d i n g s  from the  current  

r e se a r c h  w i l l  be used to  support  the  u t i l i t y  o f  computer s im u l a t i o n  

methodology in  model ing s p e c i f i c  env ironment-b ehavior  phenomena, in  

a i d i n g  the development o f  theory  in  env ironmental  p sy c h o lo g y ,  and in  

f u r t h e r i n g  our unders tanding  of  p a r t i c u l a r  s u b s t a n t i v e  a r e a s .
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Chapter I I

MODEL DEVELOPMENT AND ANALYSIS 

BOUNDING THE PROCESS 

Context

The t e n t a t i v e  model p o s t u l a t e d  h ere  i s  grounded with  r e s p e c t  to  a 

s p e c i f i c  env ironmental  c o n t e x t  (occupancy c l a s s i f i c a t i o n ) :  h o u s in g .

This  l i m i t s  the i n v e s t i g a t i o n  p r im a r i ly  to  examples o f  m u l t i -  and 

s i n g l e - f a m i l y  d w e l l i n g s ,  in  which occupants  can be assumed to  l i v e  

in d e p e n d e n t ly .

Housing occupancy was s e l e c t e d  in order to s i m p l i f y  the  s tu dy .  

C l e a r ly ,  t h i s  c o n t e x t  d i f f e r s  d r a m a t i c a l l y  from tha t  o f ,  say ,  a h o s p i ­

t a l  or o ther  h e a l t h  care  f a c i l i t y ,  in which p a t i e n t s  and r e s i d e n t s  are  

f r e q u e n t l y  dependent upon s t a f f  members for  a s s i s t a n c e  during f i r e  

emergenc ie s ,  and where s t a f f  are  o f t e n  t r a in e d  to respond to  emergen­

c i e s  in some p a r t i c u l a r  f a s h i o n .  I t  should a l s o  be noted tha t  the v a s t  

m a jo r i ty  o f  f i r e  deaths and i n j u r i e s ,  and o f  a v a i l a b l e  data  on human 

response  p a t t e r n s ,  stem from r e s i d e n t i a l  f i r e s  (NFPCA, 1978) .  Also  

r e s i d e n t i a l  occupancy types  w i l l  be found to c l u s t e r  i n t o  v a r io u s  c a t e ­

g o r i e s ,  w i t h in  which many s i m i l i a r i t i e s — r e l a t i v e  to  s a f e t y  i s s u e s — may 

be found ( i . e . ,  d e s i g n ,  d e n s i t y ,  s p a t i a l  d i s t r i b u t i o n  o f  occupants ,  

space u t i l i z a t i o n ,  l e v e l s  o f  emergency preparedness  or t r a i n i n g ,  l i f e  

s a f e t y  p o t e n t i a l s  and a l t e r n a t i v e s ) .  In c o n t r a s t ,  the  s c a r c e  data and 

anecdota l  accounts  o f  f i r e s  in  h e a l t h - c a r e  f a c i l i t i e s  and other  c o n t e x t s
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make i t  extremely  d i f f i c u l t  to  g e n e r a l i z e  from one f i r e  i n c id e n t  to  

another .  Even though h o s p i t a l s  or c u s t o d i a l  care  f a c i l i t i e s  may c l u s t e r  

i n t o  g e n e r i c  d e s ig n  and/or s e r v i c e  t y p e s ,  l i f e  s a f e t y  p r e p a r a t i o n s —  

e s p e c i a l l y  in  terms o f  s t a f f  r o l e  and t r a i n i n g — may be found to vary  

q u i t e  w i d e l y .

Behavior  P a t te r n s

B u i ld in g  r e g u l a t i o n s  concerned with l i f e  s a f e t y  from f i r e  emphasize  

e g r e s s  b e h a v io r ,  i . e . ,  the movement o f  persons  from th r ea tened  to s a f e  

zones .  Various assumptions noted e a r l i e r  about such movement are  

impl ied  in t h e s e  r e g u l a t i o n s .  Although many o ther  kinds o f  behavior  

are indeed p r e s en t  ( e . g . ,  f i r e - f i g h t i n g ,  c a l l i n g  for  h e l p ,  c r y i n g ) ,  

c o n s i d e r a t i o n s  of  e g r e s s  movement have had the  most d i r e c t  i n f l u e n c e  

on the  d e s ig n  o f  b u i l d i n g s  for  l i f e  s a f e t y  p urposes .  To a l low  the user  

to  e n t e r t a i n  immediate comparison with current  r e g u la t o r y  p r o v i s i o n s  and 

d e s ig n  p r a c t i c e s ,  the  model p o s t u l a t e d  here  emphasizes s p a t i a l  movement 

be h a v io r .  For example,  how does f l o o r  plan layout  or occupant d e n s i t y  

i n f l u e n c e  eg r es s  movement during a f i r e ?  Are pr e sen t  requirements  for  

the  p r o v i s i o n  of  e x i t s  j u s t i f i e d ,  or do occupants '  emergency egress  

p a t t e r n s  s u gge s t  o ther  a l t e r n a t i v e s ?  How do f a c t o r s  o th e r  than b u i l d in g  

d e s ig n  i n f l u e n c e  emergency e g r e s s  success?

L i f e  S a f e ty  Systems

Emphasis on e g r e s s  behavior  may a l s o  be c o ns id ered  when bounding  

the study in  terms o f  an o v e r a l l  " l i f e  s a f e t y  sys tem".  Caravaty and
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Haviland (1967) were among th e  f i r s t  to  i d e n t i f y  a "chain" o f  s a f e t y -  

r e l a t e d  e v e n t s ,  emphasizing the  t ime-dependent  nature  o f  the  f i r e  

sys tem .  According to  t h e s e  i n v e s t i g a t o r s ,  segments o f  the  f i r e  i n c id e n t  

could be i d e n t i f i e d  such t h a t  s p e c i f i c  r e f e r e n c e  to  event  c a t e g o r i e s  

might be u s e f u l  in l i f e  s a f e t y  p lanning and b u i l d in g  d e s ig n .  These  

segments ,  in  t h e i r  proper sequence of  o c c u r re n c e ,  were i d e n t i f i e d  to be

(1 )  d e t e c t i o n  of  the  l i f e  t h r e a t ,  (2)  a l e r t i n g  b u i l d i n g  occupants  to  the  

t h r e a t ,  ( 3 )  escape  and r e f u g e - s e e k i n g  a c t i o n s  by o c c u p a n ts ,  (4 )  c o n t r o l  

and e x t i n c t i o n  o f  the  f i r e .

Focus ing  p r im a r i ly  on human b e h a v io r a l  a s p e c t s  o f  f i r e  s i t u a t i o n s ,  

Nelson (1977)  s tr u c t u r e d  a s i m i l a r  sequence of  e v e n t s :  (1 )  d i s c o v e r y ,

(2 )  alarm, (3 )  r e a c t i o n ,  and (4)  e v a c u a t io n .  Other i n v e s t i g a t o r s ,  most  

n o t a b ly  Wood ( 1 9 7 2 ) ,  Bryan (1976)  and Breaux (1977)  have,  by i n t e r v i e w ­

ing  f i r e  v i c t i m s ,  attempted to e la b o r a t e  such s t r u c t u r e s .

"React ion",  for  example,  has o f t e n  been found to  i n c lu d e  such seem ing ly  

d i v e r s e  a c t i v i t i e s  as i n v e s t i g a t i o n , h e l p in g  o t h e r s , and sav in g  p o s s e s ­

s i o n s  , and not  merely e x i t - s e e k i n g .

To the  e x te n t  tha t  em p ir i ca l  re search  has a c t u a l l y  i n d i c a t e d  the  

e x i s t e n c e  of  such t ime-dependent c a t e g o r i e s ,  var iou s  s t r u c t u r e s  sug­

g e s t e d  by s e v e r a l  i n v e s t i g a t o r s  might u s e f u l l y  be summarized as f o l l o w s :

(1 )  d i s c o v e r y ,  or the  f i r s t  i n d i c a t i o n  of  human awareness  of  the l i f e  

t h r e a t ;  (2 )  a l e r t i n g ,  or communication o f  in form at ion  about the th r ea t  

among occupants ;  (3 )  dec is ion -m aking  and concomitant a c t i o n  in  or on 

t h e  environment,  by a l e r t e d  occupants  (which may or may not be a d a p t iv e ,  

and which may or may not  r e s u l t  in  the s a f e  e x i t i n g  of  p a r t i c u l a r  

o c c u p a n t s ) .
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Assuming t h i s  t im e-based  framework, t h i s  i n v e s t i g a t i o n  f o cu se a  

upon phase ( 3 ) :  d e c is ion -m ak in g  and concommitant a c t i o n . A ccord ing ly ,

th e  a n a l y s i s  proceeded under the assumption t h a t  a f i r e  has a lready  

been d i s c o v e r e d ,  and that  varying  amounts of  in fo r m a t io n  about i t s  

e x i s t e n c e  ( e . g . ,  i t s  l o c a t i o n  and s e v e r i t y )  are  a l re a d y  know to  at  

l e a s t  one of  the p o t e n t i a l l y  a f f e c t e d  oc c u p a n ts .  The mods*I, t h e r e f o r e ,  

i s  l i m i t e d  to  the c o n c e p t u a l i z a t i o n  o f  emergency e g r e s s  behavior over  

t im e ,  i n  re sp onse  to some g i v e n  in form at ion  b a s e l i n e .

A MODEL OF EMREGENCY EGRESb BEHAVIOR 

Foundations

The preced ing  d i s c u s s i o n  in trodu ced  the  b e l i e f  tha t  b u i l d i n g  f i r e s  

presen t  dynamic environmental  s e t t i n g s  which,  i n  s e v e r e  c a s e s  p a r t i c u ­

l a r l y ,  may be c h a r a c t e r i z e d  by dramatic  and rap id  changes i n  the s t i m u l i  

p r e s en te d  to  p a r t i c i p a t i n g  occupants .  I t  a l s o  i n d i c a t e d  th a t  d i f f e r e n t  

forms o f  behavior  become a p p r o p r ia te  as the event  p r o g r e ss e s  over t ime.  

These f a c t o r s  s u g g e s t  tha t  f i r e  e ve n ts  may be c o n c e p t u a l i z e d  as " i n f o r ­

mat ion i n t e n s i v e "  s y s te m s ,  in  which human p a r t i c i p a n t s  must c o n t i n u a l l y  

respond to  changing in fo r m a t io n  p a t te r n s  or c o n t e n t .

A c c o r d in g ly ,  the model of  emergency e g r e s s  behavior  p osu la te d  

h e r e — i n  i t s  most b a s i c  form— was deduced from an i n f o r m a t i o n -  

p r o c e s s i n g  theory  of  human be h a v io r .  I t  s u g g e s t s  tha t  e g r e s s  s u c c e s s  i s  

u l t i m a t e l y  dependent upon: ( 1 )  the a v a i l a b i l i t y  of  n e c e s s a r y  informa­

t i o n  about the current  s t a t e  of  the  system; ( 2 )  the q u a l i t y  of  a v a i l a b l e  

in fo r m a t io n ;  ( 3 )  the a b i l i t y  of  occupants  to  gather  r e l e v a n t  in for m at ion
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e f f i c i e n t l y ;  and (4 )  t h e  a b i l i t y  o f  occupants  to  i n t e r p r e t  in form at ion  

and to  apply i t  in  an e f f e c t i v e  d ec is ion -m aking  s t r a t e g y .

E x p e c t a t io n s  About Emergency Egress  Behavior

A b u i l d i n g  occupant moves through an a r c h i t e c t u r a l  environment as 

a r e s u l t  o f  d e c i s i o n s  he makes during some per iod  of  t im e .  A p a r t i c u l a r  

path of  t r a v e l  r e s u l t s  from a chain  o f  such d e c i s i o n s .  Each incrementa l  

d e c i s i o n  i s  d e r ived  through a p r o c e ss  i n  which th e  i n d i v i d u a l  i n t e r p r e t s  

in form at ion  he has gathered  from the environment,  i n  l i g h t  o f  h i s  unique  

movement o b j e c t i v e s .

The env ironmental  in form at ion  f i e l d  c o n s i s t s  o f  e lements  e x te r n a l  

to  the i n d i v i d u a l  occupant .  These i n c lu d e  p h y s i c a l  b u i l d in g  e lements  

( e . g . ,  w a l l s  and doorways) ,  o th e r  occupants ,  and f i r e  products .  These

e lem ents  are not  s t a t i c ,  and the  c o n ten t  of  the  in form at ion  f i e l d  may

change c o n t i n u a l l y  over t ime.  For example,  the s p a t i a l  l o c a t i o n  and 

o th e r  a s p e c t s  of  n e igh b or in g  occupants  are  c o n s t a n t l y  changing;  the  

l o c a t i o n  and s e v e r i t y  o f  l i f e  t h r e a t e n i n g  s t i m u l i  may change; and the  

p h y s i c a l  f e a t u r e s  o f  the  a r c h i t e c t u r a l  s e t t i n g  may change (as  a r e s u l t  

o f  human m anip u la t ion  or p y r o l o g i c a l  d e s t r u c t i o n ) .  The current  model 

i s  concerned with t h o s e  i n t e r n a l  p r o c e s s e s  by which an i n d i v i d u a l  

t r a n s a c t s  with t h i s  environment.

A s im ple  i l l u s t r a t i o n  o f  t h e s e  p r o c e s s e s  i n v o l v e s  a planar s u r f a c e  

which has been o v e r l a i d  with an or th ogonal  g r i d .  S p a t i a l  boundaries  

( i . e . ,  w a l l s )  are  l a i d  out  on t h i s  g r id ,  and persons  in  t h i s  f i e l d  

are  permit ted  on ly to occupy gr id  p o i n t s  ( i . e . ,  the i n t e r s e c t i o n  of  two 

o r th ogona l  gr id  l i n e s ;  s e e  F igure  2 . 1 ) .  As t ime advances i n c r e m e n ta l ly ,
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persons  move from one gr id  p o in t  to  a no ther .  Their  d e c i s i o n s  to  move 

t o  s p e c i f i c  p o i n t s  are based on i n t e r p r e t a t i o n s  of  in for m at ion  they  

have obta in ed  concern ing  the  degree  to  which a g iv en  move a l t e r n a t i v e  

w i l l  h e lp  a c h i e v e  some predetermined s p a t i a l  o b j e c t i v e .

The argument thus far  does not  r e q u i r e  the assumption t h a t  movement 

d e c i s i o n s  are determined e n t i r e l y  by the  s t a t e  o f  the  e x t e r n a l  e n v iron ­

ment.  Rather,  the  p r oc e ss  l e a d in g  to  a " d e c is io n "  i s  construed  as one 

i n  which v a r io u s  a l t e r n a t i v e s  ar e  weighed,  and by which the p r o b a b i l i t y  

t h a t  each a l t e r n a t i v e  w i l l  be s e l e c t e d  i s  d e r i v e d . Thus, d e c i s i o n s  are  

seen  to  be b i a s e d  by environmental  i n fo r m a t io n .  The b i a s i n g  o f  occu­

p ants '  d e c i s io n -m a k in g  be h a v io r ,  based on t h e i r  p e r c e p t i o n s  o f  current  

e v e n t s ,  i s  analogous  to  Brunswik's  (1956)  "best  bet":  i n  a g iven  s i t u ­

a t i o n ,  a person w i l l  probably (but  not  c e r t a i n l y )  respond with a p a r t i c ­

u la r  a c t i o n .  Indeed,  in  a c e r t a i n  proport ion  o f  c a s e s ,  an occupant  

w i l l  make a "bad" d e c i s i o n ,  even in  th e  presen ce  o f  "good" in fo r m a t io n .

F igure  2 .2  i l l u s t r a t e s  the movement p r o b a b i l i t y  concept  by means 

o f  a matr ix  o f  s p a t i a l  l o c a t i o n s .  The c e l l s  c o n t a in  v a l u e s  of  P - •,  the  

p r o b a b i l i t y  tha t  an i n d i v i d u a l  occupying s p a t i a l  l o c a t i o n  i  w i l l ,  during  

a p a r t i c u l a r  t ime increment,  r e l o c a t e  to po in t  j .  For any g iven  time  

in crem en t ,  each occupant g e n e r a te s  "his  own unique" P — m atr ix ,  M.

S in c e  f a c t o r s  which i n f l u e n c e  v a lu e s  o f  P^j vary over t ime,  occupants  

are  thought to  "regenerate"  t h e i r  i n d i v i d u a l  m a tr i ce s  a t  the  onset  of  

every  s ucceed ing  t ime increment.  The p r oc e ss  d e s c r ib e d  above may, for  

a n a l y t i c a l  p u r p ose s ,  be c on s id er e d  a d i s c r e t e  t im e ,  n o n s t a t io n a r y  Markov 

p r o c e s s .
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In summary, then,  the  model p o s t u l a t e s  th a t :

(a )  A ct ion s  in  the  emergency environment r e s u l t  d i r e c t l y  from 

o n e ' s  current  assessm ent  o f  a v a i l a b l e  a c t i o n  a l t e r n a t i v e s .

(b)  This a ssessem ent  i s  c o n t in g e n t  upon such f a c t o r s  as:

(1)  p e r c e p t i o n s  about the  a v a i l a b i l i t y  of  a c t i o n  a l t e r n a t i v e s  

at  t ime t;

(2 )  s p e c i f i c  p e r c e p t io n s  about the p o s s i b l e  outcomes o f  each 

a l t e r n a t i v e ;

(3 )  p e r c e p t i o n s  of  in form at ion  d e f i n i n g  th e  current  s t a t e  of  

the  emergency environment ( i . e . ,  the  c o n t e x t  for  a c t i o n  

a t  t ime t );

(4 )  a t t i t u d e s  toward the  emergency event;  and

( 5 )  f a m i l i a r i t y  with the  p h y s i c a l  env ironment,  and/or  with  

formal i n s t r u c t i o n s  regard ing  e f f e c t i v e  behavior  during  

b u i l d i n g  f i r e s .

In a d d i t i o n ,  a ssessment  r e q u ire s  the  i n d i v i d u a l  to  c o n s id e r  the r e l a t i v e  

advantages and d i sad van tages  of  each move a l t e r n a t i v e ,  a process  which 

r e s u l t s  in the  "weighting" of  a c t i o n  p o s s i b i l i t i e s  at  each po in t  in  

t im e.

( c )  A ct ion s  in  the  emergency environment,  at  any po int  in t ime,  

have the p o t e n t i a l  of  e f f e c t i n g  changes to both i t s  p h y s i c a l  and s o c i a l  

a t t r i b u t e s .

(d)  The emergency environment,  as a l t e r e d  by a p e r s o n 's  a c t i o n s ,  

prov ides  the  c ues ,  s t i m u l i ,  and in for m at ion  n e c e s s a r y  to formulate h i s  

a c t i o n  d e c i s i o n  during t ime increment t+1 .

O bvious ly ,  the  pr oc e ss  of  dec is ionmakin g in  a changing environment  

comprises  the k e ys ton e  of  the  model.  The major components are r e a d i l y
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summarized: As the  f i r e  event  p r o g r e ss e s  over time b u i l d i n g  f i r e

p a r t i c i p a n t s  p e r c e i v e  t h e i r  environment,  a l t e r n a t i v e  movement a c t i o n s  

w i t h i n  i t ,  and p o s s i b l e  consequences o f  such a l t e r n a t i v e s .  The use of  

t h e s e  p e r c e p t io n s  may be modeled as a process  i n  which a l t e r n a t i v e  

movement a c t i o n s  are e va lu a te d  and we ighted ,  and in  which d e c i s i o n s  

about what to do ( s p e c i f i c a l l y ,  where to  go) next  are made. As the  

emergency environment undergoes change, p e r c e p t i o n s  o f  i t  are a l t e r e d ,  

and as a r e s u l t ,  a c t i o n  s t r a t e g i e s  and b ehav iors  are expected  to change.

F i n a l l y ,  t h i s  d e c i s i o n  pr oc e ss  does not  determine a c t i o n  outcomes  

e n t i r e l y .  Rather,  th e  w e ig h t in g  procedure has the e f f e c t  only of  

b i a s i n g  ( i . e . ,  i n c r e a s i n g  th e  l i k e l i h o o d  o f )  behavior  in  some p a r t i c ­

u la r  d i r e c t i o n .  Depending upon the array o f  in form at ion  a v a i l a b l e  to  

an occupant a t  t ime t ,  h i s  movement dec is ionmakin g behav ior  may be 

b i a s e d ,  for  example: ( 1 )  to  evade the  t h r e a t ,  ( 2 )  to  s e e k -o u t  or

approach the e x i t  o b j e c t i v e ;  (3 )  t o  respond to some r e a l - t i m e  i n t e r ­

rupt ion  in  g o a l - s e e k i n g  b e h a v io r .

THEORIES, MODELS, AND SIMULATIONS

U n t i l  t h i s  p o i n t ,  th e  terms "model" and "theory" were used  

somewhat i n te r c h a n g e a b l y .  However, the d i s t i n c t i o n  between them i s  

important ,  and bears d i r e c t l y  on the method of  a n a l y s i s  explored here .

A t h e o r y , comprises  any s e t  o f  i n t e r r e l a t e d  c o n s t r u c t s ,  d e f i n i t i o n s ,  

and p r o p o s i t i o n s  tha t  p r e s en t  a s y s te m a t i c  view of  a phenomenon, by 

s p e c i f y i n g  r e l a t i o n s  among v a r i a b l e s  ( K e r l i n g e r ,  1973) .  The purpose  

o f  a theory  i s  e i t h e r  to  e x p l a in  or p r e d i c t  the phenomenon. Key a t t r i ­

butes  are p r o p o s i t i o n s  which d e f i n e  c o n s t r u c t s ,  s p e c i f i c a t i o n s  of
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r e l a t i o n s h i p s ,  e x p l a n a t i o n ,  and p r e d i c t i o n .  In t h i s  s e n s e ,  the concep­

t u a l i z a t i o n  presented  i n  Chapter I I  should be viewed as a theory  about  

th e  emergency egress  behavior  o f  occupants  during  f i r e s  in  r e s i d e n t i a l  

b u i l d i n g s .

Taken in  the broades t  s e n s e ,  a model i s  any e n t i t y  which r e p r e s e n t s  

something e l s e .  I f  a theory  i s  w r i t t e n  as an i n t e r r e l a t e d  network of  

E n g l i s h - l a n g u a g e  s ta t e m e n t s ,  or as a s e t  o f  mathematica l  s ta t e m e n t s ,  

then a model would pre sen t  the most s a l i e n t  a s p e c t s  of  t h e s e  in some 

a n a l o g ic  form. Moreover, where concern i s  with a theory about a 

dynamic, t ime-dependent  system o p e r a t in g  in  the  r e a l - w o r l d ,  a model  

o f  t h i s  system i s  expected  to t r a n s l a t e  c o n s t r u c t s  and r e l a t i o n s h i p s  

i n t o  a form capable  of  e x p r e s s i n g  the s y s te m 's  dynamic c h a r a c t e r i s t i c s .  

The "gas" ana log o f  human p e d e s t r i a n  be hav ior ,  and the  "hydraulic"  model 

of  f ree -market  economic theory  are  examples o f  such models .

In t r a d i t i o n a l  forms o f  e x p e r im en ta t io n ,  t h e o r e t i c a l  systems  

u s u a l l y  f in d  a n a l o g ie s  in  the  form of  lab o r a to r y  s e t t i n g s  and manipu­

l a t i o n s .  These are des ig ned  to  s im u la te  r e a l - w o r ld  c o n d i t i o n s  under 

which the  theory  i s  expected to h o ld .  Such s i m u l a t i o n s  o f t e n  r a i s e  

q u e s t i o n s  concern ing the  g e n e r a l i z a b i l i t y  of  observed behav iors  beyond 

the  l a b o r a to r y  e x e r c i s e .  Often ,  t h i s  problem can be m i t ig a t e d  through  

e x p e r im en ta t ion  in  f i e l d  s e t t i n g s ,  in which both the  ana log and the  

a c t u a l  c o n d i t i o n s  under which th e  theory  i s  expected  to hold are one  

and the  same.

However, human behavior  in  b u i l d i n g  f i r e s  does not  lend i t s e l f  

to  s tudy  through e i t h e r  lab o r a to r y  s im u l a t i o n  or f i e l d  i n v e s t i g a t i o n s  

i n v o l v i n g  human p a r t i c i p a n t s .  I t  i s  n e i t h e r  p r a c t i c a l  nor e t h i c a l  to 

expose  s u b j e c t s  to  a c t u a l  or pe r c e ive d  l i f e  t h r e a t s  and dangers ,  and
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i t  i s  u n l i k e l y  that  events  r e c r e a te d  in  the  labor a tor y  w i l l  e x h i b i t  the  

r i c h n e s s  n e c e s s a r y  for  meaningful  g e n e r a l i z a t i o n s .  In a d d i t i o n ,  the  

ta sk  of  conduct in g  f i e l d  experiments  during a c t u a l  b u i l d i n g  f i r e s  would 

be ex trem ely  d i f f i c u l t  and c o s t l y ,  and open to  s e r i o u s  e t h i c a l  and l e g a l  

q u e s t i o n s .  Because o f  t h e s e  f a c t o r s ,  t h i s  a n a l y s i s  makes use  of  an 

a l t e r n a t i v e  means of  system s im u la t io n :  computer s im u l a t i o n

methodo logy.

As w i th  la b or a tor y  s i m u l a t i o n ,  computer s im u l a t i o n  permits  e x p e r i ­

menta t ion  on a model over t ime ( K l e in j n e n ,  1974) .  In both c a s e s ,  

exper iments  are conducted to t e s t  models o f  r e a l - w o r ld  systems (which 

are  des ign ed  in  accordance  with  s p e c i f i c a t i o n s  der ived  from an a p r i o r i  

theory  about a phenomenon), and not the r e a l  system i t e s e l f .  The model 

under t e s t  in  computer s im u l a t i o n  i s ,  o f  c o u r s e ,  a computer program 

d e s ig n ed  to  " im i ta te"  system dynamics p o s t u l a t e d  by the  t h e o ry .  To the  

e x t e n t  that  the computer s im u l a t i o n  produces outcomes p r e d ic t e d  by the  

th e o r y ,  the  model (computer program) can be thought of  as an a c c u r a te  

analog  ( t h e  problem o f  " i n t e r n a l  v a l i d i t y " ,  examined in  Chapter I I I ) .

To the  degree  tha t  an i n t e r n a l l y  v a l i d  s im u l a t i o n  program i s  capable of  

producing outcomes s i m i l a r  to  those  of  r e a l - w o r ld  e v e n t s ,  both the  pro­

gram and the  u n d er ly in g  theory  may be thought of  as u s e f u l  mechanisms 

f o r  unders tanding  th e  a c tu a l  phenomenon ( t h e  i s s u e  o f  "e x te r n a l  v a l i d ­

i t y " ,  t r e a t e d  i n  Chapter I I I ) .  Before  p r e s e n t in g  a computer s im u l a t i o n  

program des ign ed  for  the  current problem, the s a l i e n t  l i t e r a t u r e  on 

s im u l a t i o n  model ing i s  b r i e f l y  rev iewed .
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A REVIEW OF RELEVANT 

LITERATURE ON SIMULATION MODELING

During the  l a s t  f i f t e e n  y e a r s ,  there  has been c o n s id e r a b l e  i n t e r e s t  

i n  the a p p l i c a t i o n  of  computer s i m u l a t i o n  t e c h n iq u e s  to  the  s tudy  of  

human c o g n i t i v e  behavior  (Feldman,  1962; Luce and R a i f f a ,  1964; Simon, 

1967,  1969; A p ter ,  1970; S c h u l t z ,  1974) .  Arguments have f r e q u e n t l y  

concerned the s i m u l a b i l i t y  o f  human th in k in g  and dec i s io n -m a k in g  ( e . g . ,  

N e i s s e r ,  1963 v s .  Simon, 1967) ,  i s s u e s  of  v a l i d i t y ,  and q u e s t i o n s  about  

what to  s im u la te  ( e . g . ,  p r o c e s s e s  or o u tc om e s? ) .  Amidst an o f t e n  

confused  p h i l o s o p h i c a l  c l i m a t e ,  computer programs were w r i t t e n ,  anu 

many s im u l a t i o n - b a s e d  exper iments  on human c o g n i t i v e ,  motor,  and s o c i a l  

behav ior  were conducted ( N e w e l l ,  e t  a l . , 1965; s e e  the review by Dutton  

and Starbuck,  1 9 7 1 ) .

Moreover,  i n t e r e s t  i n  the a p p l i c a t i o n  of  computer s i m u l a t i o n s  of  

the s tudy  of  m i c r o - s c a l e  person-env ironm ent r e l a t i o n s  has a l s o  been  

e v i d e n t .  Se ve r a l  programs have been w r i t t e n  a t te m p t in g  t o  s im u la te  

p e d e s t r i a n  movement behavior  w i t h in  bounded environments ,  and t h e re  

have a l s o  been a t tem pts  to  c o n s id e r  human behavior  i n  f i r e s  through 

s i m u l a t i o n  t e c h n q iu e s .  S e v e r a l  examples  which are  r e l e v a n t  to  the  

problem o f  s im u l a t i n g  behavior  under s t r e s s f u l  c o n d i t i o n s  are reviewed  

b e l o w .

Computer S im u la t io n s  o f  P e d e s t r i a n  Movement Behavior

The c h i e f  o b j e c t i v e  o f  K r y s t i n i a k  (1972)  was to  provide  p i c t o r i a l  

computer output  dem onstra t in g  the  e f f e c t  o f  f l o o r - p l a n  arrangement on

37



p e d e s t r i a n  c i r c u l a t i o n  p a t te r n s  in  b u i l d i n g s .  His " p e d e s tr ian s"  were  

endowed with the p h y s i c a l  c h a r a c t e r i s t i c s  o f  body d imens ions  ( t h e  

s o - c a l l e d  "body e l l i p s e " ) ,  with i n d i v i d u a l i t y  o f  walk ing  speed ,  and 

with the  a b i l i t y  to  s e n s e  o b s t a c l e s  and b a r r i e r s  ( e . g . ,  w a l l s ) .  Each 

p e d e s t r i a n  was presumed to have one and on ly one o b j e c t i v e  in the  

b u i l d in g :  to  ge t  to  h i s  randomly s e l e c t e d  e x i t  door in  the l e a s t  amount

o f  t ime.  Door s e l e c t i o n s  were made p r i o r  to  the a c t u a l  s i m u l a t i o n ,  and 

once i n i t i a l  and term in a l  p o in t s  were e s t a b l i s h e d ,  a d e t e r m i n i s t i c  

d i s t a n c e - m i n i m i z a t i o n  r o u t i n e  took over .  P e d e s t r i a n s  then n e g o t i a t e d  

the f l o o r  p lan ,  approaching t h e i r  o b j e c t i v e s ,  w h i l e  a vo id in g  c o l l i s i o n s  

w ith  w a l l s  or o ther  o b s t a c l e s .

In another example, Studer and Hobson (1973)  c o n s tr u c t e d  a model  

o f  s p a t i a l  movement behavior  p r e d ic a t e d  on an operant d i s c r i m i n a t i o n  

l e a r n i n g  b ase .  In moving from p o in t  to  po in t  in  a s p a t i a l  f i e l d ,  

i n d i v i d u a l s  were seen  to  c o n t in u o u s ly  s e l e c t  p a r t i c u l a r  r o u tes  from 

among v a r io u s  a v a i l a b l e  a l t e r n a t i v e s .  When movement a long  a p a r t i c u l a r  

r ou te  r e s u l t e d  i n  some sh o r t - t e r m  goal  a t ta in m e n t ,  the  p r o b a b i l i t y  tha t  

th e  r e i n f o r c e d  i n d i v i d u a l  would make a s i m i l a r  s e l e c t i o n  d e c i s i o n  in  

th e  f u tu r e  was i n c r e a s e d .

Baer (1974)  i n v e s t i g a t e d  the  s im u l a t i o n  o f  f r e e - f l o w  p e d e s tr ia n  

movement behav ior  w i t h in  bounded s p a c e s .  In resp onse  to d i f f i c u l t i e s  

imposed by models  which p r im a r i ly  c o ns id ered  input and output condi ­

t i o n s ,  ig n o r in g  the nature  of  the  b e h a v io r a l  system i t s e l f ,  Baer 's  

s im u l a t i o n  focused  on the behav ior  o f  the  i n d i v i d u a l  p e d e s t r i a n  during  

h i s  t r i p .  The model permit ted  the  s im ultaneous  movement of  any number 

o f  such i n d i v i d u a l s ,  at  any l e v e l  of  t r a f f i c  d e n s i t y ,  to  be s im ula ted .  

Within the s p a t i a l  sys tem, persons  were guided with r e s p e c t  to  the
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p h y s i c a l  and b e h a v i o r a l  environments by a d e t e r m i n i s t i c  procedure  

which enabled them to  a l t e r  t h e i r  speed and d i r e c t i o n  w i t h in  any 

increment o f  the  journey .  The model endowed i n d i v i d u a l  p e d e s t r i a n s  with  

g o a l s ,  m o t i v e s ,  and the  a b i l i t y  to  e v a lu a te  o b s t a c l e s .  However, i t  i s  

not e n t i r e l y  c l e a r  how s o - c a l l e d  " f r e e  flow" behavior  i s  u s e f u l l y  

modeled by a n o n - s t o c h a s t i c  p r o c e s s .  Were Baer to  expand the scope  

o f  h i s  model to  i n c lu d e  p a t te r n s  o f  re sp onse  to d i s t r a c t i o n s  from 

l ong -range  g o a l s ,  i n t e r p e r s o n a l  r e l a t i o n s ,  emergency s i t u a t i o n s ,  or the  

p s y c h o l o g i c a l  e f f e c t s  o f  crowding,  d e t e r m i n i s t i c  p r e d i c t o r s  may not be 

found to  adequate ly  r e f l e c t  the s p o n t a n e i t y  or u n c e r t a i n t y  of  a c t u a l  

human e x p e r i e n c e .

Along somewhat d i f f e r e n t  l i n e s ,  Lozar (1974)  d i s c u s s e d  a method 

for  s im u l a t i n g  s p a t i a l  behavior  in  an attempt to determine whether  

d e s ig n  i n f l u e n c e s  an i n d i v i d u a l ' s  a t t i t u d e s  toward the environment.  In 

h i s  program, the l i k e l i h o o d  tha t  a s im ula ted  person would proceed along  

a p a r t i c u l a r  path was determined by observ ing  movement behavior  in  the  

r e a l  world (a d in ing  h a l l ) .

Computer S im u la t ion s  o f  Human Behavior i n  B u i ld in g  F ir e s

Perhaps the e a r l i e s t  attempt to  s im u la te  by computer the a c t i o n s  

o f  b u i l d i n g  occupants  during a f i r e  was conducted by Wolpert and 

Zil lmann ( 1 9 6 9 ) .  These i n v e s t i g a t o r s  c o n s tr u c t e d  a computer model o f  

d e c i s io n -m a k in g  in a s p a t i a l  c o n t e x t .  Using the  t h e a t e r  f i r e  problem 

as a c a se  for  s tu dy ,  th e  program l a r g e l y  d e s c r ib e d  i n d i v i d u a l s '  s e l e c ­

t i o n  o f ,  and then movement toward,  a l t e r n a t i v e  g o a l s  made conspicuous  

by new in for m at ion  produced by a f i r e  t h r e a t  t h a t  expanded,  c o n t r a c t e d ,
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or remained s t a t i o n a r y .  Forced to c o n t in u o u s ly  r e a s s e s s  t h e i r  l o c a t i o n  

w it h in  a s p a t i a l  c o n t e x t  o f  u n c e r t a i n t y ,  a c t o r s  e r e c t e d  b a r r i e r s ,  

advanced or r e t r e a t e d ,  working independent ly  or in  groups .  S e l e c t i o n  

from among a l t e r n a t i v e  cou r ses  of  a c t i o n  depended upon o n e ' s  l o c a t i o n  

w i t h i n  the  space ,  in  r e l a t i o n  to  the p o s i t i o n  o f  the  t h r e a t  and the  

v a r io u s  s a f e t y  z o n e s .  This  s e l e c t i o n  process  was s im ula ted  in  a non­

s t o c h a s t i c  f a s h i o n .  The Wolpert and Zil lmann program operated under 

the  assumption t h a t ,  during a h i g h l y  s t r e s s f u l  p e r io d ,  occupants  were  

capable  o f  o b j e c t i v e l y  a s s e s s i n g  t ime and d i s t a n c e  v a lu e s  which s e p a r a te  

th emse lves  from both the  t h r e a t  and from a v a i l a b l e  r e fuge  a r e a s ,  at  any 

g iv en  moment. Moreover, in c o n s id e r i n g  the t h e a t e r  f i r e  problem in  

which a l l  r e l e v a n t  eve n ts  are occur ing  w i t h in  the same s p a t i a l  f i e l d ,  

i t  was presumed tha t  occupants  were always in  f u l l  v i s u a l  command o f  

the s i t u a t i o n .  A c c o r d in g ly ,  c a l c u l a t e d  dec is ionmakin g  could be 

c on s id er e d  p o s s i b l e .  The model was capable  of  g e n e r a t in g  s o - c a l l e d  

"panic" w i t h in  any i n d i v i d u a l ,  which a l l e g e d l y  r e s u l t e d  when the person  

r e a l i z e d  that  a t ta inm ent  o f  a d e s i r e d  s a f e t y  goal  had become i m p o s s i b l e .  

I n d i v id u a l s  i n  such a s t a t e  were then presumed to ac t  m a l a d a p t i v e l y , 

c l o g g i n g  im p a s s i b l e  e x i t s  r a th er  than seek ing  o ther  eg r es s  

p o s s i b i l i t i e s .

Concerned with  a somewhat d i f f e r e n t  problem c o n t e x t ,  the  

s im u l a t i o n  model deve loped by Edmondo, Hahin and Sinay ( 1 9 6 9 ) ,  and 

the computer program w r i t t e n  by Sinay ( 1 9 7 1 ) ,  f ea tured  both s t o c h a s t i c  

and d e t e r m i n i s t i c  c h a r a c t e r i s t i c s .  Conducting research  for  the U.S.

Navy, t h e s e  i n v e s t i g a t o r s  d e a l t  with the problem o f  sh ip-b oard  emergen­

c i e s ,  such as f i r e ,  bombardments, c o l l i s i o n s ,  e t c .  The p r o b a b i l i s t i c  

components o f  t h e i r  program inc lu ded  e s ta b l i sh m e n t  o f  both the  t ime and
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l o c a t i o n  o f  the  o n s e t  o f  the emergency,  th e  i n i t i a l  l o c a t i o n s  o f  ship  

crewmen, e lap sed  t ime u n t i l  d e t e c t i o n  of  the emergency,  and the  s e l e c ­

t i o n  of  a re sp onse  model ( i . e . ,  a id in g  o t h e r s ,  s e cu r in g  a space ,  panick­

in g ,  e s c a p i n g ) .  The e s s e n t i a l  d e t e r m i n i s t i c  f e a t u r e  was the  s e l e c t i o n  

o f  an escape  r o u t e ,  g iv en  c e r t a i n  environmental  c o n d i t i o n s ,  from a small  

array o f  pre-determined p o s s i b i l i t i e s .  A c c o r d in g ly ,  once an i n d i v i d u a l  

understood the  s i t u a t i o n ,  h i s  e n t i r e  escape  route  ( i n c l u d i n g  p o s s i b l e  

d e t o u r s ,  as n e c e s s a r y )  became known in  advance.  P r e d i c t i o n  o f  escape  

t ime could then be s imply c a l c u l a t e d  from a knowledge o f  the  r o u t e ' s  

l e n g t h ,  and a s im ula ted  crewman's walking speed .

Most r e c e n t l y ,  the  computer s im u l a t i o n  o f  human behavior  in  

b u i l d i n g  f i r e s  has been c ons id ered  by Korkemas ( 1 9 7 7 ) .  For s im ula ted  

f i r e  e v e n t s ,  h i s  c h i e f  o b j e c t i v e s  were to  p l o t  f i r e  spread over t ime,  

p l o t  occupants '  movement p a t t e r n s  over t ime,  record the  h i s t o r y  o f  

occupants '  f a t e s ,  and to record the h i s t o r y  o f  c o n g e s t i o n  at  b u i ld in g  

e x i t s .  As with the  e x e r c i s e  by Edmondo, e t  a l .  ( 1 9 6 9 ) ,  Korkemaz's simu­

l a t i o n  program u t i l i z e d  both s t o c h a s t i c  and d e t e r m i n i s t i c  v a r i a b l e s .

The c h i e f  p r o b a b i l i s t i c  f e a t u r e s  inc lud ed  i n i t i a l  f i r e  l o c a t i o n ,  d e t e c ­

t i o n  t ime by occupants ,  and occupant movement v e l o c i t i e s .  D e t e r m i n i s t i c  

v a r i a b l e s  inc lu ded  f i r e  m ig r a t io n ,  r a t e s  of  i n c r e a s e  of  t o x i c  subs tances  

in  the atmosphere,  and occupant movement ( i . e . ,  s p a t i a l  d i sp lacem en t )  

along  p r e - d e f i n e d  p a t h s .  As t ime advanced,  the f i r e  covered ever-wider  

t e r r i t o r y ,  and the d e n s i t y  of  t o x i c  subs tances  in  the  a i r  i n c r e a s e d .  

These were assumed to  have the major e f f e c t  o f  s low in g  the  occupant  

down, as he moved along  h i s  p r e - s e t  path to a r e fu g e  zone or e x i t .  The 

r a t e  of  d e c r ea s e  in  movement speed was governed by d e t e r m i n i s t i c  

e q u a t io n s .  I f  occupants  f a i l e d  to reach t h e i r  g o a l s  b e f o r e  the l e v e l
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of  t o x i c a n t s  surpassed  t h e i r  t o l e r a n c e  l e v e l s  ( a d j u s t a b l e  by the  

e x p e r im en te r ) ,  then they were assumed to  have been consumed by the  

f i r e .  In commenting upon h i s  work, Korkemas recommended that  futu re  

s im u l a t i o n  programs would have to account  for  a " f a m i l i a r i t y  fac tor"  

( i . e . ,  the  n o t io n  that  some people  are more f a m i l i a r  than o th e rs  with  

c i r c u l a t i o n  paths w i t h in  the b u i l d i n g ,  and tha t  such f a m i l i a r i t y  might  

i n f l u e n c e  emergency r e s p o n s e ) ,  s e l e c t i o n  from among a l t e r n a t i v e  r o u t e s ,  

and the p o s s i b i l i t y  tha t  m id-course  r o u t e - s w i t c h i n g  might occur .  This  

f a c t o r  i s  c r i t i c a l  s i n c e  in  any g iv e n  b u i l d i n g ,  occupants  may be 

expected  to  vary in  t h e i r  f a m i l i a r i t y  with the  p h y s i c a l  l a y o u t .  

A c c o r d in g ly ,  occupants  may not share  s i m i l a r  p e r c e p t io n s  regard ing  

ap p r op r ia te  eg r es s  s t r a t e g i e s .

C r i t i q u e

On the  b a s i s  o f  e a r l i e r  d i s c u s s i o n  of  human behavior  in  f i r e s  

(Chapter I)  and o f  the  development o f  conceptu a l  schemes and models o f  

such behavior  (Chapter I I ) ,  important l i m i t a t i o n s  o f  the  u t i l i t y  o f  

th e  s im u l a t i o n  programs reviewed above become apparent .  F i r s t ,  each 

o f  the  s im u l a t i o n  models and programs reviewed presumes an environmental  

d e t e r m i n i s t i c  b a s i s  for  be hav ior .  E a r l i e r  d i s c u s s i o n ,  however,  s u g g e s t s  

tha t  for  the f i r e  c o n t e x t  t here  i s  an apparent need to view the  env iron­

ment in  terms of  both p h y s i c a l  and s o c i a l  components,  and to  emphasize  

th e  importance of  th e  environment as  mediated through p e r c ep tu a l  and 

c o g n i t i v e  p r o c e s s e s .  The importance of  v iew in g  b u i l d i n g  occupants  as
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a c t i v e  p a r t i c i p a n t s , who c o n t i n u a l l y  modify t h e i r  environment,  and are  

thereby  a f f e c t e d  by i t s  changing s t r u c t u r e  over t ime has  a l s o  been noted  

e a r l i e r .

Moreover,  most of  the  s im u l a t i o n s  d i s c u s s e d  avoided the q u e s t io n  

o f  how p a r t i c u l a r  paths were c r e a t e d ,  or why they  were f o l l o w e d .  In 

f a c t ,  t h e s e  r ou tes  were p r e - s e t ,  or i n s e r t e d  by the  expe r im en te r s ,  who 

made c e r t a i n  assumptions about emergency eg r es s  very  s i m i l a r  to th o s e  

which u n d e r l i e  current  s a f e t y  d e s ig n  codes:  when the  alarm sounds,

pe op le  w i l l  immediate ly and p u r p o s e f u l l y  seek  e x i t s  in  the most d i r e c t  

manner. F i n a l l y ,  none o f  the  i n v e s t i g a t o r s  d i s c u s s e d  above reported  

t e s t s  o f  the v a l i d i t y  o f  t h e i r  s i m u l a t i o n s .

"BFIRES": A COMPUTER PROGRAM WHICH

SIMULATES EMERGENCY EGRESS BEHAVIOR

A computer program was des igned and w r i t t e n  s p e c i f i c a l l y  to  

s im u l a t e  the  t h e o r e t i c a l  framework presented  e a r l i e r .  This  work was 

c a r r i e d  out  at  the N a t io n a l  Bureau of  Standards (NBS), a re search  

f a c i l i t y  o f  th e  United S t a t e s  Department o f  Commerce. The program i s  

d e s ig n a t e d  "BFIRES", and was w r i t t e n  in  FORTRAN V fo r  the  UNIVAC 1108 

computer a t  NBS.

The c e n t r a l  f e a t u r e s  of  BFIRES i s  the  " i n d i v i d u a l  occupant loop".  

This c y c l e  enables  a l l  occupants  on a b u i l d i n g  f l o o r  to  i n d i v i d u a l l y  

e x e r c i s e  t h e i r  d e c is ion -m ak in g  procedures ,  during each t ime increment.  

The occupant loop c o n s i s t s  of  t hree  main components:  (a )  an in form at ion

g a t h e r i n g  component which scans  the in form at ion  f i e l d ;  (2 )  an informa­

t i o n  i n t e r p r e t a t i o n  and p r o c e s s i n g  component which compares a v a i l a b l e
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in fo r m a t io n  wi th  predetermined o b j e c t i v e s ,  b i a s e s  s p a t i a l  behav ior ,  and 

e s t a b l i s h e s  v a l u e s  o f  ( t h e  p r o b a b i l i t y  o f  moving from l o c a t i o n  i  to  

l o c a t i o n  j ) ;  and (3)  an a c t i o n  component which p r o b a b i l i s t i c a l l y  s e l e c t s  

the a c t u a l  move to  be undertaken,  and r e l o c a t e s  the  occupant .

The occupant loop f u n c t i o n s  w i t h i n  th e  next  h ig h e r  l e v e l  of  BFIRES: 

the  "time lo op" .  The t ime loop e nab le s  the  i t e r a t i o n  o f  i n d i v i d u a l  

occupant d e c i s i o n  procedures over the span o f  a f i r e  e v e n t ,  on the  

assumption tha t  the  event  may be subd iv ided  i n t o  a f i n i t e  number of  

d i s c r e t e  u n i t s  of  equal  d u r a t io n .  A l l  occupants  in  the  s im u l a t i o n  ar e  

"processed"  during  each s u c c e s s i v e  i t e r a t i o n  o f  the  t ime loop .  Each 

t ime loop i t e r a t i o n  i s  r e f e r r e d  to  as a "t ime frame". Appendix A 

t r e a t s  the  c o n v e r s io n  o f  t ime frame u n i t s  to  r e a l  t ime u n i t s  ( i . e . ,  

s e c o n d s ) .

F i n a l l y ,  the  time loop i s  n e s t e d  w i t h i n  the  " r e p l i c a t i o n  loop".

This  f a c i l i t y  enab les  the  exper im enter  to run any number of  r e p l i c a ­

t i o n s  of  a s im ula ted  f i r e  e v e n t ,  under a s i n g l e  s e t  of  input c o n d i t i o n s .  

As the  h i g h e s t  l e v e l  of  the  program, the  r e p l i c a t i o n  loop a l s o  s e r v e s  

as the  BFIRES e x e c u t i v e  r o u t i n e .

The c om p os i t ion  o f  BFIRES and th e  l o c a t i o n  o f  p r i n c i p a l  subrout ine  

c a l l s  ar e  i l l u s t r a t e d  i n  F igure  2 . 1 .  The f u n c t i o n s  o f  e s s e n t i a l  sub­

r o u t i n e s  are o u t l i n e d  in  Table 2 . 1 ,  and th e  r a t i o n a l e  and t h e o r e t i c a l  

i s s u e s  u n d er ly in g  BFIRES su b r o u t in es  ar e  d e t a i l e d  i n  Appendix B.

Program flow diagrams,  computa t ional  form ulas ,  and FORTRAN l i s t i n g s  

are  provided  i n  Appendix C.
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Table 2.1 Essential Subroutine Descriptions^

Behavioral BFIRES Subroutine
Category Name

Outline of Purpose

Percept ion GROUP E s t a b l i s h e s  and updates  th e  
the  s o c i a l  environment of  occu­
pants  as they  progress  through  
t h e  s im ula ted  f i r e  e v e n t .

OTHERS Records th e  number of  o ther  
occupants  in a s p a t i a l  s u b d i v i ­
s i o n  oc cupied  by a g iven  person .  
Records the  numbers o f  o th e rs  
who are m o b i l i t y  impaired ( i f  
any) ,  and the  s t a t e s  o f  egres s  
knowledged possed by o ther  
o c c u p a n t s .

AGREE Determines whether a "consensus  
e x i t "  has been dec id ed  upon by 
occupants  in  a g iv en  s p a t i a l  
s u b d i v i s i o n .

KPOSS Scans the  o c c u p a n t ' s  immediate
s p a t i a l  environment,  and d e t e r ­
mines whether a move a long  any 
d i r e c t i o n a l  v e c t o r  would be 
rendered i m p o s s i b l e  because  of  
e i t h e r  a p h y s i c a l  c o n s t r a i n t  
( i . e . ,  a w a l l ) ,  or because  of  
overcrowding by o ther  
oc c upants .

JAMMED Enables  the occupant to  gather
in form at ion  about the  degree  
o f  p h y s i c a l  crowding o f  l o c a ­
t i o n s  he may wish to e n t e r .

 ̂ Refer a l s o  to  Appendices  B and C for  t h e o r e t i c a l  foundat ion s  and 
f u n c t i o n a l  d e t a i l s .
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Table 2.1 Essential Subroutine Descriptions, continued

Behavioral BFIRES Subroutine
Category Name

Outline of Purpose

D e c i s i o n ­
making

EVAL8

EVAL20

Enables  the occupant to  process  
d i s t a n c e  i n fo r m a t io n ,  and to  
thereby determine h i s  c u rren t  
s a f e t y  s t a t u s .  A p o s i t i v e  s t a ­
tus  e v a l u a t i o n  r e s u l t s  whenever 
the  o c c u p a n t ' s  p e r c e iv e d  
s t a t u s  a t  t ime t  i s  b e t t e r  than  
i t  was a t  t ime t - 1 .  Otherwise ,  
the e v a l u a t i o n  i s  n e g a t i v e .

An a l t e r n a t i v e  approach to  
s t a t u s  e v a l u a t i o n ,  i n  which the 
occupant compares h i s  e g r e s s  
pr o g r e ss  a t  any po in t  i n  t ime  
with  h i s  b e l i e f  about what h i s  
pr o g r e ss  "should" b e .  A p o s i ­
t i v e  s t a t u s  e v a l u a t i o n  r e s u l t s  
whenever the occupant th in k s  he 
i s  s t i l l  w i t h in  the  p e r c e iv e d  
s a f e  t ime l i m i t .  The s e l e c t i o n  
o f  e v a l u a t i o n  p r o c e s s i n g  v ia  
EVAL8 or EVAL20 i s  made by the  
program u s e r ,  a t  e x e c u t i o n  t im e .

EQUALZ Creates  the c o n d i t i o n  of
" i n d e c i s io n "  which r e s u l t s  when 
the  c r i t e r i a  f o r  d e c i s i o n  b i a s ­
in g  have not  been s a t i s f i e d .  
Under t h i s  c o n d i t i o n ,  the  
p r o b a b i l i t y  va lu e s  a s s o c i a t e d  
w ith  a l l  move a l t e r n a t i v e s  
a v a i l a b l e  to  an occupant are  
e q u a l i z e d .

TB1AS E f f e c t u a t e s  t h r e a t  e v a s i o n
c h o i c e  b e h a v io r .  When TB1AB i s  
a s s i g n e d ,  move p r o b a b i l i t y  
v a l u e s  are  e s t a b l i s h e d  i n  such  
a way as  to  favor  the s e l e c t i o n  
o f  moves which maximize the  
o c c u p a n t ' s  d i s t a n c e  from the  
l i f e  t h r e a t .

47



Table 2.1 Essential Subroutine Descriptions, continued

Behavioral
Category

BFIRES Subroutine
Name

Outline of Purpose

D e c i s i o n ­
making,
( c o n t . )

EBIAS

DOORS1

D00RS2

E f f e c t u a t e s  eg r es s  goa l  s e ek in g  
movement be h a v io r .  EBIAS we ights  
move s e l e c t i o n  p r o b a b i l i t i e s  to  
favor  moves tha t  minimize the  
o c c u p a n t ' s  d i s t a n c e  to  an e x i t  
g o a l .

Determines whether the  occupant  
w i l l  open a c l o s e d  door which i s  
along  an a v a i l a b l e  a l t e r n a t i v e  
movement path .

Determines whether th e  occupant  
w i l l  c l o s e  a door behind him,  
once he has in  f a c t  passed  
through.

A c t io n  INTRPT P r o b a b i l i s t i c a l l y  determines
whether th e  o ccupant ' s  g o a l -  
d i r e c t e d  behavior  w i l l  be i n t e r ­
rupted during t ime t .  INTRPT 
determin es  both th e  occurrence  
and mode of  i n t e r r u p t i o n  
b e h a v io r .

BACKUP P r o c e s s e s  occupants  in  the "back­
tracking" i n t e r r u p t i o n  mode, by 
r e t r a c i n g  t h e i r  s t e p s  back 
toward t h e i r  i n i t i a l  s t a r t i n g  
l o c a t i o n s .  Once t h i s  l o c a t i o n  
has been reached by a back­
tra c k in g  occupant,  normal goal  
s e e k in g  i s  resumed.

ASSIGN Considers a l l  f a c t o r s  comprising
the  o c c u p a n t ' s  current  percep­
t i o n  o f  h i s  s i t u a t i o n ,  and then  
s w i tc h e s  c o n t r o l  to  the appro­
p r i a t e  b i a s i n g  r o u t i n e .  Once 
p r o b a b i l i t y  v a lu e s  have been 
e s t a b l i s h e d  for  a v a i l a b l e  move 
a l t e r n a t i v e s ,  ASSIGN s e l e c t s  the  
next  move for  the occupant ,  and 
r e l o c a t e s  him to  the new l o c a t i o n .
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SUMMARY

F i r s t ,  the  s p e c i f i c  boundaries  o f  th e  model ing e f f o r t  were d i s c u s ­

s e d .  In p a r t i c u l a r ,  the focus o f  the  study was d e f in e d  as the  a n a l y s i s  

o f  occupants '  e g r e s s  movement behav ior  during f i r e s  in  r e s i d e n t i a l  

b u i l d i n g s ,  at  and beyond th e  temporal p o in t  a t  which occupants  a c t u a l l y  

become aware of  the  e x i s t e n c e  o f  the f i r e  emergency.

Second,  a model of  emergency e g r e s s  was advanced,  as a t e n t a t i v e  

p o s t u l a t e  for a n a l y t i c a l  purposes .  The model was shown to  d e r i v e  from 

an i n f o r m a t i o n - p r o c e s s i n g  e x p la n a t io n  o f  human be hav ior ,  and to c o n s id e r  

emergency eg r es s  as a d i s c r e t e  t im e ,  n o n s t a t i o n a r y  Markov p r o c e s s .

The u t i l i t y  of  a n a ly z in g  th e  proposed model through computer 

s im u l a t i o n  methodology was c o n s id e r e d .  The primary argument concerned  

the n o t io n  tha t  l a b o r a to r y  s i m u l a t i o n s  and f i e l d  experiments  with human 

p a r t i c i p a n t s  were n e i t h e r  p r a c t i c a l  nor d e s i r a b l e  from s o c i a l ,  e t h i c a l ,  

and l e g a l  v i e w p o i n t s .  A number of  r e c e n t  i n v e s t i g a t i o n s  were rev iew ed ,  

in  which ge n e r a l  p e d e s t r i a n  and emergency e g r e s s  s i t u a t i o n s  were 

s im ula ted  by d i g i t a l  computers.  Se ve r a l  shortcomings  of  the e a r l i e r  

r esearch  were noted ,  and the  "BFIRES" computer program for  s im u l a t i n g  

occupants '  emergency e g r e s s  behavior  was p r e s e n te d .  Chapter I I I  

c o n s id e r s  r e s u l t s  from t e s t s  of  the  v a l i d i t y  of  BFIRES.
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Chapter III

TESTS OF INTERNAL AND EXTERNAL VALIDITY 

TESTS OF THE INTERNAL VALIDITY OF THE MODELING PROCESS

In t r o d u c t i o n

R a t io n a le

S e n s i t i v i t y  a n a l y s i s  i s  an important s t e p  in  t h e  o v e r a l l  v a l i d a t i o n  

o f  computer s im u l a t i o n  programs such as "BFIRES". G e n e r a l ly ,  s e n s i t i v i t y  

a n a l y s i s  h e lp s  the  s im u l a t i o n  d e s ig n e r  to  determin e  whether the  "cause-  

a n d - e f f e c t "  r e l a t i o n s h i p s  which comprise  th e  u n d er ly in g  process  model are  

demonstrated when th e  computer s im u l a t i o n  i s  run. Another way of  

e x p r e s s i n g  t h i s  problem i s  by asking  how v a r i a t i o n  in  s im u l a t i o n  para­

meter v a l u e s  a f f e c t s  the  r e s u l t s  o f  computer runs ,  and whether t h e s e  

r e s u l t s  conform w i th  hypotheses  der ived  from the  u n d er ly in g  t h e o r e t i c a l  

framework.

S e n s i t i v i t y  a n a l y s i s  y i e l d s  no in for m at ion  about whether the  frame­

work c o r r e c t l y  d e s c r i b e s  the  a c t u a l  phenomenon under s tu d y .  S i m i l a r l y ,  

i t  does not  t e l l  whether the most important or u s e f u l  parameters (from 

an ap p l ied  po in t  of  v iew)  have been s e l e c t e d  for  s tu d y .  However, the  

procedure  does prov ide  a c o n s i d e r a b l e  amount o f  in form at ion  about the  

i n t e r n a l  c o n s i s t e n c y  of  the  model ing and s im u l a t i o n  d e s ig n  p r o c e s s e s .

This  i s  accompli shed through the  examination o f  s p e c i f i c  hypotheses  

about a n t i c i p a t e d  c a u s a l  r e l a t i o n s h i p s ,  employing data from computer 

s im u l a t i o n  e x e r c i s e s .
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Overview o f  the Approach

BFIRES enab les  the  user  to  s im u la te  any number o f  s i t u a t i o n s .  This  

i s  accompli shed by a d j u s t i n g  computer input  parameters  to  r e f l e c t  a 

p a r t i c u l a r  s e t  o f  i n i t i a l  occupant and environmental  c o n d i t i o n s .  The 

complete  s e t  o f  parameters  d e f i n e s  the  i n i t i a l  s t a t e  of  a g iven  e v e n t ,  

which may be a l t e r e d  by changing v a l u e s  a s s ig n e d  to  the parameters .

Computer s i m u l a t i o n s  are u s e f u l  because  they  h e lp  to make c a u s a l  

p r e d i c t i o n s  ( o f  the  " i f . . . t h e n . . . "  t y p e ) ,  and to  e v a lu a t e  d i f f e r e n c e s  

among outcomes from i n i t i a l l y  d i s s i m i l a r  e v e n t s .  A c c o r d in g ly ,  one would 

expect  d i f f e r e n c e s  in  i n i t i a l  occupant and environmental  c o n d i t i o n s  to  

y i e l d  v a r i a t i o n s  in  s im ula ted  emergency e g r e s s  outcomes.  For example,  

occupants  i n i t i a l l y  lo c a t e d  near a s a f e  e x i t  (and at  the  same t ime  

l o c a t e d  far  from th e  thr ea te n e d  zone)  would be e x p t e c t e d  to  l e a v e  the  

b u i l d i n g  or f l o o r  w e l l  b e fo re  th o s e  l o c a t e d  a g r e a t e r  d i s t a n c e  from the  

e x i t .  S i m i l a r l y ,  one would a n t i c i p a t e  occupants  who are f a m i l i a r  with  

the  b u i l d i n g ,  and who know the  l o c a t i o n  of  e x i t s ,  to  escape  f a s t e r  

than t h o s e  who have no such f a m i l i a r i t y .  Moreover,  m o b i l i t y - i m p a i r e d  

occupants  would be e x p t e c t e d  to  r e q u ir e  more t ime to  l e a v e  the  b u i l d i n g  

or f l o o r  than w i l l  t h e i r  unimpaired c o u n t e r p a r t s .  These e x p e c t a t i o n s  

assume that  the model accounts  for  the  most s a l i e n t  v a r i a b l e s .

The primary q u e s t io n  for  s e n s i t i v i t y  a n a l y s i s  i s ,  then,  whether  

v a r i a t i o n s  in  e v e n t - d e f i n i n g  input parameters  produce the expected  

v a r i a t i o n s  in  computer-generated  behavior? This  q u e s t io n  was s tu d ie d  

by e s t a b l i s h i n g  base f i r e  s c e n a r i o s ,  m anip ula t ing  input  parameters ,  

and then measuring d i f f e r e n c e s  between s im u la te d  e g r e s s  outcomes  

( e . g . ,  numbers of  occupants  e s c a p in g ,  e g r e s s  t im e ,  and path l e n g t h ) .  

According  to  t h i s  r a t i o n a l e ,  one may conc lude  tha t  BFIRES i s  s e n s i t i v e
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to  v a r i a t i o n  in  a p a r t i c u l a r  parameter i f ,  w h i l e  h o ld in g  a l l  o ther  

parameter v a lu e s  c o n s t a n t ,  a s i g n i f i c a n t  d i f f e r e n c e  between outcomes  

o bta in ed  from s i m u l a t i o n s  run under two or more d i f f e r e n t  v a lu e s  of  

the  t e s t  parameter i s  found.

For example,  i f  occupants  o f  a f l o o r  with deadend c o r r i d o r s  re q u ire  

s i g n i f i c a n t l y  more t ime to  escape  than do i n d i v i d u a l s  on a f l o o r  w i thout  

deadends,  and a l l  o th e r  parameters are he ld  c o n s t a n t ,  then one may con­

c lu d e  tha t  the  computer program i s  s e n s i t i v e  to v a r i a t i o n  i n  an a s p e c t  

o f  " f l o o r  p lan c o n f i g u r a t i o n " .  S i m i l a r l y ,  i f  occupants  with no f a m i l i ­

a r i t y  with e x i t  l o c a t i o n s  are found to t r a v e r s e  s i g n i f i c a n t l y  longer  

paths  than do i n d i v i d u a l s  p o s s e s s i n g  e x i t  knowledge, then ,  under the  

g iven  c o n d i t i o n s ,  BFIRES would appear s e n s i t i v e  to  v a r i a t i o n  in " e x i t  

knowledge" or " b u i ld in g  f a m i l i a r i t y " .

The f o l l o w i n g  l i s t  c o n t a in s  input  parameters  manipulab le  by the  

BFIRES u s e r .  To r e i t e r a t e ,  the  user  p r e s e n t s  th e  i n i t i a l  s t a t e  o f  a 

f i r e  eve n ts  by a s s i g n i n g  v a lu e s  to  t h e s e  v a r i a b l e s ,  and d i f f e r e n t i a t e s  

between e ve n ts  by v a r y in g  the v a lu e s  o f  one or more param eters .  Items  

marked with an a s t e r i s k  ( * )  were the  s u b j e c t s  o f  s p e c i f i c  s e n s i t i v i t y  

a n a l y s e s  repor ted  l a t e r  in  t h i s  chapter:

* ( 1) i n i t i a l  t h r e a t  l o c a t i o n ;

* ( 2 ) placement of  i n t e r i o r  doors and e x i t s  from the f l o o r  or

b u i l d i n g ;

* (3 )  s p a t i a l  c o n f i g u r a t i o n  ( i n v o l v i n g :  l a y o u t ,  c or r id or  arrange­

ment,  a c c e s s  to  e x i t s ,  shape o f  s p a c e s ) ;

* (4 )  number o f  s p a t i a l  s u b d i v i s i o n s  conta ined  w i t h i n  a f l o o r  plan;

(5)  number and l o c a t i o n  of  occupants  on the  f l o o r ;

( 6 ) o ccupants '  knowledge o f  the i n i t i a l  th r ea t  l o c a t i o n ;
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* (7)  occupants '  f a m i l i a r i t y  w i th  the  f l o o r  or b u i l d i n g  ( i . e . ,

t h e i r  knowledge o f  a "best  e x i t " ) ;

* ( 8 ) occupants '  m o b i l i t y  s t a t u s ;

* (9)  p e r m i s s i b l e  occupant d e n s i t y  (or  degree o f  crowding) ;

( 10) door typ e  ( i . e . ,  whether manually or a u t o m a t i c a l l y  c l o s i n g ) ;

( 11) i n i t i a l  door p o s i t i o n  ( i . e . ,  open ve r su s  c l o s e d ) ;

( 12) th e  p r o b a b i l i t y  that  occupants  w i l l  open a c lo s e d  door they

e n c o u n t e r ;

(13)  t h e  p r o b a b i l i t y  that  occupants  w i l l  c l o s e  a door they have

passed through;

(14)  th e  p r o b a b i l i t y  that  an occupant w i l l  encounter or e x p e r i ­

ence an i n t e r r u p t i o n  to  g o a l - s e e k i n g  b e h a v io r .

These parameters were s e l e c t e d  fo r  user  m anip u la t ion  because  o f  

t h e i r  p r a c t i c a l  appeal  and meaning to b u i l d i n g  d e s i g n e r s ,  r e g u l a t o r s  and 

managers,  and to  p r o f e s s i o n a l s  i n t e r e s t e d  in e v a lu a t i n g  the  e f f e c t s  of  

t r a i n i n g  programs. The f o l l o w i n g  two exper iments  ar e  s e n s i t i v i t y  t e s t s  

fo r  BFIRES, drawing on the  above input  parameters .

Experiment 1

D e s c r i p t i o n  and O b j e c t iv e s

F i r e  events  were run w i t h i n  a s im ula ted  r e c t a n g u la r  s p a t i a l  zone  

measuring 20 f e e t  by 35 f e e t  ( 6 . 1 0  m by 10 .68  m).  Two e x i t s  from the  

zone were prov ided ,  one at  the  c e n t e r  o f  each long w a l l .  One e x i t  pro­

v ided  d i r e c t  e g r e s s  to  a p la c e  of  r e fu g e ;  the  o ther  connected the  zone  

under study with another  s e c t i o n  o f  the  b u i l d i n g .  During a l l  s im u l a t i o n  

runs i n  Experiment 1, t h i s  l a t t e r  e x i t  was assumed to  lead d i r e c t l y  to
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l i f e - t h r e a t e n i n g  agent s  ( i . e . ,  f i r e  and smoke) . A c c or d in g ly ,  although  

two e x i t s  were p h y s i c a l l y  provided from the  zone under i n v e s t i g a t i o n ,  

one was assumed to  have been rendered i m p a s s ib le  p r io r  to the  onse t  of  

th e  s i m u l a t i o n .

S im u la t ion s  were conducted under v a r io u s  v a lu e s  o f  the s p a t i a l  

c o n f i g u r a t i o n  and i n t e r i o r  door placement parameters  ( s e e  F igures  3 .1  

through 3 . 4 ) .  These c o n d i t i o n s  s im ula ted  d i f f e r e n t  ways of  sub­

d i v i d i n g  the  o r i g i n a l  zone i n t o  a l a r g e r  number of  sm a l ler  f u n c t i o n a l  

u n i t s  ( i . e . ,  rooms).  These may be viewed as r e p r e s e n t in g  v a r i a t i o n s  in  

the  layout  o f  a wing of  a house or smal l  apartment b u i l d i n g .

Each s im u l a t i o n  run in vo lve d  12 oc c upants .  These were i n i t i a l l y  

l o c a t e d  at  p o in t s  shown i n  F igures  3 .1  through 3 . 4 .  At the  s t a r t  of  

each run, a l l  occupants  were assumed to have been a l e r t e d  to the e x i s t ­

ence of  the  f i r e  emergency,  and to  th e  f a c t  t h a t  a p a r t i c u l a r  e x i t  was 

a lready  blocked and should t h e r e f o r e  not  be used.  In a l l  c a s e s ,  occu­

pants  were assumed to  be ordinary  r e s i d e n t s :  they  were f u l l y  mobile

w i thout  any form o f  a s s i s t a n c e ,  and they p o s s e s s e d  no s p e c i a l i z e d  

emergency t r a i n i n g .

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  a n a l y s i s  was to  determine whether  

BFIRES i s  s e n s i t i v e  to d i f f e r e n c e s  in  f l o o r  p lan c o n f i g u r a t i o n  (more 

s p e c i f i c a l l y ,  the  degree  o f  s p a t i a l  s u b d i v i s i o n ) .  Secondary o b j e c t i v e s  

were to  determine whether the program i s  s e n s i t i v e  to  v a r i a t i o n s  in  

p e r m i s s i b l e  occupant d e n s i t y , and whether i t  produces an i n t e r a c t i o n  

e f f e c t  between s p a t i a l  o r g a n i z a t i o n  and p e r m i s s i b l e  d e n s i t y .
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Experimental  Design

A two-way f a c t o r i a l  d e s ig n  was employed to  t e s t  th e  e f f e c t s  of  

s p a t i a l  s u b d i v i s i o n  ( t h e  a c t u a l  number and s i z e  o f  spaces  c on s tr u c te d  

w i t h i n  the b a s i c  r e c t a n g u l a r  zone)  and p e r m i s s i b l e  occupant d e n s i t y  

( t h e  maximum number of  occupants  permit ted  to i n h a b i t  a s i n g l e  person-  

o c c u p i a b le  l o c a t i o n  at  any po in t  in  t i m e ) .  The 4x3 d e s ig n  i s  shown in  

Figure  3 . 5 .

The study o f  t h e s e  v a r i a b l e s  was warranted for  c e r t a i n  p r a c t i c a l  

r e a so n s .  For example, f i r e  s a f e t y  r e g u l a t i o n s  address  the  d es ign  of  

a c c e s s  to  e x i t w a y s ,  and the " d i r e c t n e s s "  o f  e g r e s s  pa ths ,  w i thout  

a c t u a l l y  e v a l u a t i n g  the  c o s t s  and b e n e f i t s  o f  a l t e r n a t i v e  d e s i g n s .  A 

s im u l a t i o n  program s e n s i t i v e  to  v a r io u s  a s p e c t s  o f  s p a t i a l  c o n f i g u r a t i o n  

could h e lp  address  t h i s  i s s u e .

The two dependent v a r i a b l e s  measured were occupants '  e scap e  scores  

and t h e i r  t o t a l  numbers of  s p a t i a l  d i sp lac e m en ts  ( " s t e p s " ) .  Escape  

s c o r e  i s  the  r a t i o  of  t ime required  for  escape  v e r su s  the  t o t a l  l en gth  

of  the  s im u la te d  e v e n t ,  and i s  computed as f o l l o w s :

t

where: E = o c c u p a n t ' s  e scape  s c o r e ,

t = t o t a l  l e n g th  o f  the  s im ula ted  event in  t ime frames,

f  = t o t a l  number of  frames the  occupant a c t u a l l y  spent  in  the

f l o o r  o f  s tu d y ,  p r i o r  to  h i s  e scap e .

A c c o r d in g ly ,  i f  a s i m u l a t i o n  was run for  a t o t a l  o f  .100 t ime frames,  and

an occupant escaped during  the 50th frame, then h i s  e scap e  s c o re  i s
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computed to  be 0 . 5 0 .  I f  the  i n d i v i d u a l  never escapes  during the run, 

h i s  s c o r e  w i l l  be 0 . 0 0 .  The h igh e r  the escape  s c o r e ,  the  e a r l i e r  during  

the  s im ula ted  event escape  occurred .

A s p a t i a l  d i s p la c e m e n t ,  or "s tep" ,  i s  a s i n g l e  movement from one 

p e r s o n -o c e u p i a b l e  l o c a t i o n  to  another ,  in  e i t h e r  the orth ogonal  or 

d ia g o n a l  d i r e c t i o n s  o f  the  g r i d .  Depending upon the manner in which the  

p a r t i c u l a r  s im u l a t i o n  has been c a l i b r a t e d ,  such a d isplacement  may or  

may not approximate the average s t r i d e  l en gth  o f  a person .  The t o t a l  

number of  d i sp lacem en ts  made by an occupant during a s im u l a t i o n  run, and 

the  e x te n t  o f  d e v i a t i o n  from the  minimum number o f  s t e p s  a c t u a l l y  

r e q u i r e d ,  may be used as i n d i c a t o r s  o f  eg r es s  path d i r e c t n e s s  and 

c o m p le x i ty .

In a d d i t i o n  to  the magnitude o f  d i f f e r e n c e s  between event outcomes,  

the  s t r u c t u r e  of  t h e  BFIRES program a l s o  s u g g e s t s  p a r t i c u l a r  d i r e c t i o n s .  

A c c o r d in g ly ,  f i v e  hypotheses  are examined during Experiment 1.

(1 )  Escape sc o r e  v a r i e s  as a f u n c t i o n  of  the e x te n t  of  s p a t i a l

s u b d i v i s i o n ;  as a zone o f  f i x e d  gr o s s  area i s  subdiv ided  

i n t o  more (and s m a l l e r )  s p a c e s ,  e scape  sc o r e  w i l l — on the  

average— i n c r e a s e  ( i . e . ,  occupants  w i l l  escape  f a s t e r ) .

(2 )  Tota l  s p a t i a l  d i sp lacem ent  v a r i e s  as a f u n c t i o n  of  the e x te n t

o f  s p a t i a l  s u b d i v i s i o n ;  as a zone of  f ix e d  gross  area i s  

subd iv ided  i n t o  more (and s m a l l e r )  s p a c e s ,  occupants  w i l l  

— on the average— t r a v e r s e  s h o r te r  routes  to  the e x i t  g o a l .

These e x p e c t a t i o n s  d e r iv e  from the  s t r u c t u r e  und er ly in g  BFIRES, 

which r e q u ir e s  tha t  b e f o r e  s e l e c t i n g  a p a r t i c u l a r  move, occupants  f i r s t  

scan the a v a i l a b l e  a l t e r n a t i v e s  we ighing  the r e l a t i v e  c o s t s  and b e n e f i t s  

o f  each.  This  s t r u c t u r e  im p l i e s  that  as the number o f  a l t e r n a t i v e s
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a v a i l a b l e  to  an occupant at  t ime t i n c r e a s e s ,  the  l i k e l i h o o d  tha t  he 

w i l l  in  f a c t  s e l e c t  the  b ia sed  move d e c r e a s e s .  As a r e s u l t ,  i t  was 

expected tha t  more frequent  g o a l - d i r e c t e d  movement d e c i s i o n s ,  and hence  

a more d i r e c t  e g r e s s  route  ( i . e . ,  h ig h e r  escape  s c o r e  and fewer d i s ­

placem ents)  would r e s u l t  in  c a s e s  pr o v id in g  the few est  movement a l t e r ­

n a t i v e s  over the course  o f  the e v e n t .

(3 )  Escape s c o r e  v a r i e s  as a f u n c t i o n  o f  p e r m i s s i b l e  occupant

d e n s i t y  ( i . e . ,  the  maximum number of  persons permit ted  to  

in h a b i t  any p e r s o n - o c c u p i a b l e  l o c a t i o n ,  at  any po int  in  

t im e ) ;  the  more occupants  permit ted  to  occupy p erson-

o c c u p i a b le  l o c a t i o n s ,  the more q u ic k ly  w i l l  the  f l o o r  be

evacuated (as  ev idenced by h ig h e r  o v e r a l l  escape  s c o r e s  

f o r  occupants  of  the  f l o o r ) .

(4 )  Tota l  s p a t i a l  d i sp lacem ent  v a r i e s  as a f u n c t i o n  of  permis­

s i b l e  occupant d e n s i t y ;  th e  more occupants  are permit ted  

to  in h a b i t  p e r s o n - o c c u p i a b l e  l o c a t i o n s ,  the  s h o r t e r  w i l l  

be routes  t r a v e r s e d  by occupants  as they seek the  e x i t  

g o a l .

The n o t io n  that  occupant d e n s i t y  ( t h e  p h y s i c a l  a spec t  o f  crowding)  

impacts  eg r es s  t ime and escape  r ou te  i s  a l s o  expressed  in  BFIRES, as i s

th e  idea  that  the  e f f e c t s  o f  d e n s i t y  vary as a f u n c t i o n  o f  s p a t i a l

c o n f i g u r a t i o n .  While scanning a l t e r n a t i v e  t a r g e t  l o c a t i o n s ,  s im ula ted  

occupants  a s s e s s  the  v i a b i l i t y  of each with r e s p e c t  to  c e r t a i n  c r i t e r i a .  

The f i r s t  c r i t e r i o n  an a l t e r n a t i v e  t a r g e t  must pass  i s  i t s  p o s s i b i l i t y  

o f  be ing  reached.  A c c o r d in g ly ,  "imaginary" t a r g e t s  which are in  f a c t  

blocked by w a l l s  cannot be reached in  a s i n g l e  s t e p ,  and are  thus
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d e l e t e d  from th e  o c c u p a n t ' s  array of  a l t e r n a t i v e s  during t ime t .  

S i m i l a r l y ,  t a r g e t s  p e r c e iv e d  by the  occupant as "crowded" w i l l  a l s o  be 

ru 1 ed ou t .

Although th e  r e d u c t i o n  o f  a l t e r n a t i v e s  has the  e f f e c t  o f  i n c r e a s i n g  

the  l i k e l i h o o d  o f  s e l e c t i n g  a g o a l - d i r e c t e d  a l t e r n a t i v e ,  i t  a l s o  has the  

e f f e c t  o f  reducing the a c t u a l  number of  a l t e r n a t i v e s  l ead in g  toward a 

s p e c i f i e d  g o a l .  This may i n f l u e n c e  s im ula ted  e g r e s s  b e h a v io r .  For 

example, when occupying a l a r g e  open space ,  a s im ula ted  i n d i v i d u a l  w i l l  

o f t e n  have n ine  movement a l t e r n a t i v e s  a v a i l a b l e  to  him ( t h e  maximum 

p o s s i b l e )  a t  a g iven  po in t  in  t ime.  Where the  i n d i v i d u a l  p e r c e i v e s  

t h r e e  of  t h e s e  a l t e r n a t i v e s  as ad a p t iv e  ( i . e . ,  as be ing h i g h l y  g o a l -  

d i r e c t e d ) ,  and no tes  t h a t  one o f  t h e s e  w i l l  lead to a crowded l o c a t i o n ,  

t h i s  c h o i c e  w i l l  be dropped i t  from the l i s t  o f  a l t e r n a t i v e s .  However, 

t h e r e  i s  s t i l l  a high p r o b a b i l i t y  tha t  one o f  the remaining two g o a l -

d i r e c t e d  moves w i l l  be s e l e c t e d .

On the  o th e r  hand, the  i n d i v i d u a l  may occupy a much more conf in ed  

s p a c e ,  where, at  t ime t ,  t h e re  are  only  four movement a l t e r n a t i v e s  

a v a i l a b l e .  In t h i s  c a s e ,  the  occupant may p e r c e i v e  tha t  on ly  one of  

t h e s e  w i l l  s a t i s f y  express  o b j e c t i v e s .  I f  the  t a r g e t  l o c a t i o n  of  t h i s  

move i s  p e r c e iv e d  to  be crowded, then l e s s  ad a p t iv e  movement behavior  

w i l l  r e s u l t  ( e . g . ,  remaining i n  p l a c e ,  or meandering) ,  and v a l u a b l e  

t ime w i l l  be wasted.

(5 )  The e f f e c t  o f  occupant d e n s i t y  i s  dependent upon the  ex tent  o f  

s p a t i a l  s u b d i v i s i o n ;  d e n s i t y  has th e  g r e a t e s t  impact where 

s p a t i a l  zones are more h i g h l y  subdiv ided  i n t o  sm al ler  u n i t s .

The i n t e r a c t i o n  of  s p a t i a l  s u b d i v i s i o n  with occupant d e n s i t y  can 

now be d i s c u s s e d .  In l a r g e r  s p a c e s ,  an occupant w i l l  o f t e n  have large
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numbers o f  move a l t e r n a t i v e s  a v a i l a b l e  (up to n in e )  t o  chose  from. More 

than one of  t h e s e  w i l l  u s u a l l y  be p e r c e iv e d  as g o a l - d i r e c t e d ,  and so the  

overcrowding o f  any s i n g l e  key l o c a t i o n  need not  r e s u l t  in  nonadapt ive  

movement be h a v io r .  T h er e fore ,  the  l i k e l i h o o d  o f  s u c c e s s f u l  escape from 

l a r g e r  spaces  should depend very l i t t l e  upon the crowding t hr esho ld  

( p e r m i s s i b l e  number o f  o ccupants )  for  i n d i v i d u a l  s p a t i a l  l o c a t i o n s .

In f l o o r  p lans  subd iv ided  i n t o  many s m a l l e r  s p a c e s ,  however, the  

s im ula ted  occupant w i l l  u s u a l l y  have r e l a t i v e l y  few move a l t e r n a t i v e s  

to  choose  from any a g iv en  po int  in  t im e .  Often ,  on ly  one o f  t h e s e  w i l l  

be p e rce ived  as g o a l - d i r e c t e d ,  and hence  th e  crowding of  key l o c a t i o n s  

should lead to  nonadapt ive  movement b e h a v io r .  T h er e fore ,  the  l i k e l i h o o d  

o f  s u c c e s s f u l  e scape  from h i g h l y  subd iv ided  zones should  depend upon the  

crowding t h r e s h o l d .  In such c a s e s ,  h igher  t h r e s o l d s  should " f o r e s t a l l "  

the  p e r c e p t i o n  of  crowding,  by s imply  endowing occupants  with a g r e a t e r  

t o l e r a n c e  for  b e ing  "packed t o g e t h e r " .  The f i v e  hypotheses  d i s c u s s e d  

above are summarized i n  Figure 3 . 6 .

Data C o l l e c t i o n  and A n a ly s i s

The s p a t i a l  s u b d i v i s i o n  and occupant d e n s i t y  parameters were 

examined at  l e v e l s  i n d i c a t e d  i n  F igure  3 . 5 .  V a r i a t i o n  in  s p a t i a l  sub­

d i v i s i o n  was d e f in e d  as the  e x te n t  to  which the  o r i g i n a l  700 square  

fo o t  zone was subd iv ided  i n t o  s m a l l er  s p a c e s ,  as f o l l o w s :
O

Leve l  1: one space;  area equals  700 square f e e t  ( 6 5 .1 5  m );

Level  2: t h r e e  s p a c e s ,  mean s p a t i a l  area  equa ls  2 3 3 .33  square  

f e e t  ( 2 1 .7 0  m^);

L eve l  3: f i v e  s p a c e s ;  mean s p a t i a l  area  equals  140 square f e e t

( 1 3 . 0 2  m2) ;
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Leve l  4: seven sp ac e s ;  mean s p a t i a l  area equals  100 square f e e t

( 9 . 3 0  m2) .

V a r i a t i o n  in occupant d e n s i t y  was d e f in e d  in  terms o f  the  maximum 

number of  persons  permit ted  to occupy any s p a t i a l  l o c a t i o n  at  a g iven  

p o in t  in t ime.  In Experiment 1, a p e r s o n -o c c u p i a b l e  s p a t i a l  l o c a t i o n
o

r e p r e s e n t e d  an imaginary enve lop e  of  25 square f e e t  ( 2 . 2 5  m ) .  There­

f o r e  :

Level

Leve l

Leve l

The 4x3 d e s ig n  was r e p l i c a t e d  10 t im e s .  For each c e l l ,  v a l u e s  of  

both mean escape  s c o re  and mean s p a t i a l  d i sp lacem ent  ( a c r o s s  the  

r e p l i c a t i o n s )  were recorded.  Separate  a n a ly s e s  o f  v a r ia n c e  were con­

ducted for  each of  the  two dependent v a r i a b l e s  (even  though they were 

very  h i g h l y  c o r r e l a t e d :  r = - . 9 3 ) .

The random e f f e c t s  a n a l y s i s  of  v a r ia n c e  model was employed, in 

which the  i n t e r a c t i o n  mean square i s  used to  compute v a lu e s  of  _F for  

t h e  main e f f e c t s .  This  model was employed s i n c e  th e  l e v e l s  o f  the  

independent v a r i a b l e s  c o u ld ,  at  l e a s t  in  th e o r y ,  have been s e l e c t e d  

randomly from some l a r g e r  range (Edwards, 1972 ) .  Use o f  the  random

1 : d e n s i t y  th r es h o ld  equals  1 ; maximum a l lo w a b le  d e n s i t y

equals  0 .0 4  persons per square f o o t  ( 0 . 4 3  person per  

m2 ) ;

2: d e n s i t y  t h r e s h o ld  equals  3; maximum a l lo w a b le  d e n s i t y

equals  0 .1 2  persons  per square f o o t  ( 1 . 2 9  persons per  

m2 ) ;

3: d e n s i t y  t h r e s o l d  equals  5; maximum a l lo w a b le  d e n s i t y

equals  0 .2 0  persons per square f o o t  ( 2 . 1 5  persons per  

m2).
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e f f e c t s  model permits  i n f e r e n c e s  to  be drawn from the  p a r t i c u l a r  

f i n d i n g s  to  a l l  l e v e l s  o f  the  v a r i a b l e s ,  w i t h in  such a range.

R e s u l t s

Mean outcomes from s im u l a t i o n  runs assuming d e n s i t y  t h r esh o ld s  o f  

one,  t h r e e ,  and f i v e  are  shown i n  Tables  3 . 1 ,  3 . 2 ,  and 3 . 3 ,  r e s p e c t i v e l y .  

Each t a b l e  i n d i c a t e s  mean escape  sc o re s  and route  l e n g th s  ( i n  numbers of  

s t e p s )  aggregated a c r o s s  a l l  12 occupants  w i t h in  each r e p l i c a t i o n .

Hence, the grand means were computed by a g g r e g a t in g  a c r o ss  occupants  and 

r e p l i c a t i o n s ,  for  each l e v e l  of  the s p a t i a l  s u b d i v i s i o n  v a r i a b l e .  These  

data are shown g r a p h i c a l l y  in F igures  3 .7  and 3 . 8 .  Analyses  o f  v a r ia n ce  

fo r  escape  s c o re  and s t e p  t o t a l  are  summarized i n  Tables  3 . 4  and 3 . 5 .

Hypotheses  ( 1 ) ,  ( 3 ) ,  and (5 )  above were supported by s im ulated  

escape  s c o re  d a ta .  In p a r t i c u l a r ,  the computer program was found s e n s i ­

t i v e  to  v a r i a t i o n  in  both s p a t i a l  s u b d i v i s i o n  and occupant d e n s i t y ,  in  

the p r e d ic t e d  d i r e c t i o n s .  Moreover, the  p r e d ic t e d  i n t e r a c t i o n  e f f e c t  

between t h e s e  v a r i a b l e s  was a l s o  found to be s t a t i s t i c a l l y  s i g n i f i c a n t .

Hypotheses ( 2 )  and (4 )  were supported by s im ula ted  data on route  

l e n g t h .  In p a r t i c u l a r ,  the program was found to be s e n s i t i v e  to  v a r i ­

a t i o n  in  both s p a t i a l  c o n f i g u r a t i o n  and occupant d e n s i t y ,  in  the  

p r e d i c t e d  d i r e c t i o n s .  However, no s t a t i s t i c a l l y  s i g n i f i c a n t  i n t e r a c t i o n  

e f f e c t  between t h e s e  v a r i a b l e s  was found.
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Table 3.1 Mean Outcomes From Simulations Based on a Density
Threshold of 1

1-Space Plan 3-Space  Plan 5-Space  Plan 7-Space Plan

Rep Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

1 .27 16 .50 .18 16.92 .19 17.17 .38 12 .58

2 .31 14 .50 .28 14.58 .36 12.42 .35 11.42

3 .26 17.08 .33 13.83 .26 14.83 .31 12.50

4 .33 14 .5 8 . 22 16.25 .28 14.33 .30 13.25

5 .32 14.67 . 20 16 .50 .26 15 .00 .36 10 .58

6 . 22 16 .50 .26 14.25 .42 10.25 .36 12.92

7 .41 13.58 .27 16.42 .29 14 .50 .27 13.67

8 .34 14.17 .24 15.58 .32 13.67 .29 13.00

9 .35 13 .58 .17 17.17 .27 14.92 .36 11.83

10 .42 12.75 . 22 15.42 .27 15.08 .27 14.58

Means .32 14.79 .24 15 .69 .29 14.22 .33 12 .63



Table 3.2 Mean Outcomes From Simulations Based on a Density
Threshold of 3

1-Space  Plan 3-Space  Plan 5-Space  Plan 7-Space  Plan

Rep Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

1 .18 19 .58 .34 13.75 .56 10.25 .49 10.75

2 .39 13 .83 .39 14 .75 .53 10.67 .55 9 .17

3 .49 11.25 .34 13 .58 .45 12.33 .51 9 .8 3

4 .38 14.17 .34 15.17 .35 15 .33 .46 10 .50

5 .43 13 .33 .31 13.67 .47 11.17 .49 11.00

6 .32 14.17 .26 16 .58 .38 13.25 .29 15.08

7 .42 13 .25 .24 16.33 .47 11.83 .58 8 .7 5

8 .33 15 .67 .27 16 .58 .39 13.83 .56 8 .6 7

9 .39 13 .58 .41 13 .67 .56 9 .0 8 .45 12.17

10 .39 13 .58 .32 15.75 .55 9 .3 3 .54 10 .25

Means .37 14 .24 .32 14 .98 .47 11.71 .49 10 .62



Table 3.3 Mean Outcomes From Simulations Based on a Density
Threshold of 5

1-Space  Plan 3-Space  Plan 5-Space  Plan 7-Space  Plan

Rep Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

Mean
Escape
Score

Mean
Steps

1 .46 12.17 .32 14.92 .34 14 .33 .44 12.92

2 .46 13.17 .20 17 .58 .50 10.17 .52 9 .5 0

3 .45 13 .00 .38 12 .92 .59 8 .5 0 .51 10.33

4 .26 17 .08 .40 13 .08 .52 10 .50 .50 10 .33

5 .47 12.00 .21 17 .33 .53 10 .00 . 66 6 .2 5

6 .36 14 .83 .27 16 .33 .56 9 .0 0 .40 13 .58

7 .26 16 .83 .35 14.00 .41 12 .33 .44 11 .58

8 .34 15.08 .42 11.83 .49 10 .50 .56 9 .5 8

9 .34 14 .67 .26 16 .92 .64 7 .67 .62 8 .6 7

10 .41 13.75 .29 15 .50 .37 13 .33 .42 12.92

Means .38 14.26 .31 15.04 .49 10.63 .46 10.57
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Table 3.4 Analysis of Variance for Escape Score

N=120

SOURCE d . f . S .S . M.S. F

D e n s i t y  (D) 2 .415 .207  12.936**

Number o f  Spaces (S) 3 .417 .139  8 . 688*

D x  S 6 .097 .016***  3 .0 27**

Within 108 .577 .005

T o t a l 119 1.506

Table 3 .5  A n a ly s i s  of Variance f o r  the T o t a l  Number o f  S teps  Taken

N=120

SOURCE d . f . S.S M.S. F

D e n s i t y  (D) 2 69 .8 74 34 .937  6 .6 60*

Number o f  Spaces  (S) 3 314 .167 104 .722  19 .962**

D x S 6 31 .478 5 .2 46***  1.619

Within 108 349 .912 3 .2 40

T o t a l 119 765.431

* p < .05
** p < .01

*** i n  th e  random e f f e c t s  model ,  the  D x S i n t e r a c t i o n  mean square
i s  used to  compute v a l u e s  o f  F f o r  the main e f f e c t s .
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Experiment 2

Description and Objectives

Findings  from Experiment 1 s u g g e s t  that  BFIRES outcomes are  

s e n s i t i v e  to v a r i a t i o n s  in  room s i z e  and s p a t i a l  s u b d i v i s i o n .  The 

p r i n c i p a l  o b j e c t i v e  o f  Experiment 2 was to determine whether s imulated  

outcomes are s e n s i t i v e  to  v a r i a t i o n s  i n  o ther  a s p e c t s  of  f l o o r  plan  

c o n f i g u r a t i o n  (such as the p r esen ce  or absence  o f  deadend c o r r i d o r s ) ,  

w h i l e  h o ld in g  room s i z e  c o n s t a n t . Under t h e s e  c o n d i t i o n s ,  the e f f e c t s  

o f  v a r i a t i o n  in  occupant d e n s i t y  were a l s o  s t u d i e d ,  as in  Experiment 1.

F ir e  e ve n ts  were s im ula ted  in a s i n g l e  s t o r y  o f  a m u l t i p l e  f l o o r  

b u i l d i n g .  The f l o o r  under study c o n s i s t e d  o f  a d o ub le - loaded  c o r r id o r  

with  four rooms on each s i d e  (as  in  a dormitory f a c i l i t y ) .  The c o r r i d o r  

was d iv id ed  i n t o  two segments by a w a l l ,  and the segments were connected  

by a doorway provided in  t h i s  w a l l .  Two e g r e s s  s t a i r s  were prov ided .

One s ta irw ay  led to  a p la c e  of  r e fuge ;  the  o ther  was assumed to be 

s m o k e - f i l l e d ,  due to  a f i r e  a lready  burning on another  f l o o r  o f  the  

b u i l d i n g .

S im u la t ion s  were conducted under two d i f f e r e n t  f l o o r  plan  

c o n f i g u r a t i o n  c o n d i t i o n s .  In the  f i r s t  c o n d i t i o n ,  s ta i r w a y s  were 

l o c a t e d  at  the extreme ends o f  the c or r id o r  (F igu re  3 . 9 ) .  In the  

second,  the  s ta i r w a y s  were lo c a t e d  c l o s e r  toward the c e n te r  of  the  

b u i l d i n g ,  l e a v i n g  deadends o f  15 f e e t  ( 4 . 5 8  m) a t  each end o f  the  

c o r r i d o r  ( F ig u re  3 . 1 1 ) .

Each s im u l a t i o n  run invo lved  20 oc c upants .  These were i n i t i a l l y  

l o c a t e d  at  p o i n t s  shown i n  F igures  3 .1 0  and 3 . 1 2 .  At the  s t a r t  of  each 

run, a l l  occupants  were assumed to have been a l e r t e d  to the  e x i s t e n c e  of
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a f i r e  e l s ew h ere  w i t h in  the  b u i l d i n g .  In a d d i t i o n ,  a l l  occupants  were 

assumed to  be "ordinary r e s i d e n t s " ,  as i n  Experiment 1 above.

S im u la t ion s  were conducted under s e v e r a l  d i f f e r e n t  occupant  

c o n d i t i o n s .  Comparisons were made between s im u l a t i o n s  in  which occu­

pants  knew which s t a i r  was b locked and which was s a f e ,  and those  in 

which occupants  had no such d i r e c t  knowledge.  In a d d i t i o n ,  comparisons  

were made between s im u l a t i o n s  i n  which occupants  were f u l l y  m ob i le ,  and 

t h o s e  i n  which they were m o b i l i t y - i m p a i r e d .

Experimental  Design

A f o u r -d im e n s io n a l  f a c t o r i a l  d e s ig n  was employed to t e s t  the  

e f f e c t s  o f  f l o o r  plan c o n f i g u r a t i o n ,  occupant m o b i l i t y ,  oc cupants '  

knowledge o f  the  s a f e  e x i t  l o c a t i o n ,  and occupant d e n s i t y .  The 2x2x2x2  

d e s ig n  i s  shown i n  F igure  3 . 1 3 .  These v a r i a b l e s  are important for  a 

number o f  r e a s o n s .  For example,  Experiment 1 s u g g e s te d  the s e n s i t i v i t y  

o f  BFIRES to  v a r i a t i o n  in  a p a r t i c u l a r  a s p e c t  o f  b u i l d i n g  d es ign :  

s p a t i a l  s u b d i v i s i o n .  F loor  plan c o n f i g u r a t i o n  and e x i t  arrangement  

are  o ther  a s p e c t s  o f  d e s ig n  which are under the  immediate c o n t r o l  of  

the  a r c h i t e c t ,  and which are  t r e a t e d  by d e s ig n  r e g u l a t i o n s .  I f  BFIRES 

can a s s i s t  a r c h i t e c t s  and r e g u la t o r s  in  e v a lu a t i n g  d i f f e r e n c e s  between 

a l t e r n a t i v e  f l o o r  plan arrangement,  i t  w i l l  be deemed a v a l u a b l e  d e s ig n  

t o o l .  S i m i l a r l y ,  the a b i l i t y  o f  the computer program to  d i s t i n g u i s h  

among types  of  occupants  w i l l  s t r e n g th e n  i t s  v a lu e  as a f a c i l i t y  manage­

ment and occupant t r a i n i n g  t o o l .

Measures of  four dependent v a r i a b l e s  were recorded:  (a )  the  t o t a l

number of  occupants  who escaped th e  f l o o r  by th e  end of  an event of  

a r b i t r a r i l y  d e f in e d  l en g th ;  (b)  th e  d i f f e r e n c e  between occupant 's
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i n i t i a l  d i s t a n c e s  from the  s a f e  e x i t  and t h e i r  f i n a l  d i s t a n c e s ;  

(occupants '  " d i f f e r e n c e "  s c o r e s ) ;

( c )  occupants '  e scap e  s c o r e s ;  and (d)  occupants '  t o t a l  numbers o f  

s p a t i a l  d i s p la c e m e n t s .  V a r ia b le s  ( c )  and (d)  have a lready  been 

d e s c r ib e d  in d e t a i l  under Experiment 1.

V a r ia b le  ( a ) ,  th e  t o t a l  number o f  occupants  e scap in g  i s  s e l f  

e x p la n a to r y .  This  prov ides  a somewhat gr o s s  measure o f  the o v e r a l l  

outcome o f  a f i r e  event:  at  the  end of  a g iven  per iod  of  t ime,  how

many people  escaped the f l o o r  under study? V ar iab le  ( b ) ,  the  d i f f e r e n c e  

s c o r e ,  on the o ther  hand,  prov ides  a f i n e r  measure of  occupant p e r f o r ­

mance during a p a r t i c u l a r  e v e n t .  When a s im ula ted  f i r e  i s  c u r t a i l e d  

at some a r b i t r a r i l y  chosen p o i n t ,  i t  i s  q u i t e  l i k e l y  that  many occupants  

who would have e v e n t u a l l y  escaped w i l l  s t i l l  be found on the  f l o o r .

I t  i s  t h e r e f o r e  u s e f u l  to  have some measure o f  the  progress  of  the  

remaining occupants ,  w i thout  having  to a c t u a l l y  t r a c e  the complete  move­

ment paths o f  each i n d i v i d u a l  (a l though  BFIRES does permit the  user  to  

conduct  such t r a c i n g  e x e r c i s e s ) .  The d i f f e r e n c e  sc o re s  accommodates 

t h i s  need.  The output i s  computed for  each occupant ,  and i s  de f in e d  

as the  d i f f e r e n c e  in  s t r a i g h t - l i n e  d i s t a n c e  s e p a r a t i n g  the  i n d i v i d u a l  

and the s a f e  e x i t  l o c a t i o n  between the  i n i t i a l  and term in a l  t ime frames.

I f  the  d i f f e r e n c e  v a l u e  output for  occupant^ i s  z e ro ,  for  example,  

then t h i s  i n d i v i d u a l  was n e i t h e r  nearer  t o ,  nor f a r t h e r  from, the s a f e  

e x i t  at  the  t erm in a l  t ime frame as compared with the i n i t i a l  frame.

This  does not n e c e s s a r i l y  mean that  occupant.^ remained in  p l a c e  through 

out the e n t i r e  e v e n t .  I t  s imply means tha t  a l l  the o c c u p a n t ' s  a c t i v i t y  

r e s u l t e d  in no net  improvement in  d i s t a n c e  from the s a f e  e x i t  l o c a t i o n .  

Indeed,  an occupant with a zero d i f f e r e n c e  v a lu e  may a l s o  have
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exper ienced  a l a r g e  number o f  s p a t i a l  d i s p la c e m en ts  during  the event.  

This combination would s u g g e s t  that  movement d e c i s i o n  making occurred  

in  an environment almost devoid o f  in form at ion  ( p a r t i c u l a r l y  regarding  

the  l o c a t i o n  of  the s a f e  e x i t ) .  I t  would a l s o  s u g g e s t  tha t  d e c i s i o n ­

making occurred in  a confused c o n t e x t ,  in which m u l t i p l e  sources  of  

c o n f l i c t i n g  in form at ion  were p r e s e n t .

A l t e r n a t i v e l y ,  non-zero  d i f f e r e n c e  v a lu e s  may be e i t h e r  p o s i t i v e  

or n e g a t i v e .  P o s i t i v e  v a lu e s  i n d i c a t e  tha t  the  occupant i s  nearer to  

th e  s a f e  e x i t  at  the  term in al  t ime frame; n e g a t i v e  v a lu e s  show that  the  

i n d i v i d u a l  f i n i s h e d  f a r t h e r  away. Consider two examples:  An occupant

with a high p o s i t i v e  d i f f e r e n c e  v a l u e  and a r e l a t i v e l y  smal l  d i s p l a c e ­

ment output was probably making movement d e c i s i o n s  on the  b a s i s  of  

"good" i n fo r m a t io n ,  and i s  o b v io u s ly  enroute  toward reach ing  the  s a f e  

e x i t .  Had the s im u l a t i o n  been run for  another  few t ime frames,  and the  

f i r e  cont inued  to  be conf in ed  to  another  f l o o r ,  t h i s  occupant may very  

w e l l  have a t t a i n e d  the  e x i t  g o a l .  On the o ther  hand, an i n d i v i d u a l  

w ith  a high n e g a t i v e  d i f f e r e n c e  v a lu e  i s  l i k e l y  to be o p e r a t in g  under 

an erroneous idea  o f  the s a f e  e x i t ' s  l o c a t i o n .  A h igh n e g a t i v e  d i f f e r ­

ence may a l s o  r e s u l t  when both the  s a f e  and threatened  e x i t s  are very  

c l o s e  to  each o t h e r .

As in  Experiment 1, the s t r u c t u r e  of  BFIRES s u g g e s t s  that  event  

outcomes should vary i n  d i r e c t i o n  as w e l l  as magnitude.  Nine a d d i t i o n a l  

h ypotheses  were examined during Experiment 2 .

( 6 ) Occupant d e n s i t y  w i l l  have no s i g n i f i c a n t  e f f e c t  on the

dependent v a r i a b l e s ,  nor w i l l  i t  i n t e r a c t  w i th  knowledge  

of  the s a f e  e x i t  l o c a t i o n ,  th e  presen ce  of  deadend c o r r i ­

d or s ,  or occupant m o b i l i t y .
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Experiment 1 s u g g e s te d  th a t  v a r i a t i o n  i n  occupant d e n s i t y  produced 

changes i n  event  outcomes ,  depending upon the e x t e n t  to  which a s p a t i a l  

zone was subd iv ided  i n t o  i n c r a s i n g l y  s m a l l e r  u n i t s .  In Experiment 2,  

occupant d e n s i t y  was v a r ie d  w h i le  s p a t i a l  s u b d i v i s i o n  and s i z e  were 

he ld  c o n s t a n t .  Under t h e s e  c o n d i t i o n s ,  no v a r i a t i o n  i n  event  outcomes  

i s  e x p e c te d .  Moreover, the model s u g g e s t s  n e i t h e r  t h e o r e t i c a l  nor  

l o g i c a l  l i n k s  between occupant d e n s i t y  and s a f e  e x i t  knowledge,  the  

presence  of  deadend c o r r i d o r s ,  or occupant m o b i l i t y .

(7 )  In g e n e r a l ,  a l a r g e r  number o f  occupants  p o s s e s s i n g  knowledge

of  the s a f e  e x i t  l o c a t i o n  w i l l  e scap e  the f l o o r  than w i l l  

i n d i v i d u a l s  w i thout  e x i t  knowledge.

E x i t - s e e k i n g  i s  the most important o b j e c t i v e  processed  w i t h i n  

BFIRES. In order to  work toward the  e x i t  o b j e c t i v e ,  an occupant must,  

by d e f i n i t i o n ,  p o s s e s s  knowledge of  i t s  l o c a t i o n .  Given a knowledge of  

the  s a f e  e x i t  's l o c a t i o n ,  the occupant i s  enabled  to  t r a v e r s e  a route  

through any network of  s p a t i a l  s u b d i v i s i o n s .  Without such knowledge,  

th e  occupant must r e s o r t  to  s a t i s f y i n g  the  s e con d-order  o b j e c t i v e :  

i n c r e a s i n g  the d i s t a n c e  from the t h r e a t .  In BFIRES, however, t h i s  may 

r e s u l t  i n  "meandering", during which the s a f e  e x i t  l o c a t i o n  may be 

found on ly  by chance.  On the a verage ,  th e n ,  most occupants  with s a f e  

e x i t  l o c a t i o n  knowledge are e x pec ted  to  e scap e  the f l o o r  w i t h i n  the  

t ime a l lo w e d .  L ik e w is e ,  very few i n d i v i d u a l s  p o s s e s s i n g  no e x i t  know­

l e d g e  are  expected  e s c a p e .

( 8 ) Regard less  o f  f l o o r  plan c o n f i g u r a t i o n ,  more occupants  with

unimpaired m o b i l i t y  w i l l  escape  the f l o o r  than w i l l  m o b i l i t y -  

impaired i n d i v i d u a l s .
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BFIRES d e f i n e s  m ob i l i ty - im p a irm e n t  i n  terms o f  a r e d u c t io n  in  

movement v e l o c i t y .  This  i s  accompl ished  by f o r c i n g  "impaired occupants"  

(model ing the e l d e r l y  or a r t h r i t i c )  t o  remain i n  p la c e  during every  

o th e r  t ime frame. The o v e r a l l  e f f e c t  i s  an average  v e l o c i t y  r e d u c t io n  

o f  50% ( t h e  u ser  may wish to a d j u s t  the program to  produce o th e r  l e v e l s  

o f  v e l o c i t y  r e d u c t i o n ) .  Because o f  t h i s  r e d u c t io n  e f f e c t ,  fewer  

m o b i l i t y - im p a i r e d  occupants  ar e  e x p e c te d  to  reach the e x i t  o b j e c t i v e  

by the t er m in a l  t ime fram e.

( 9 )  By the ter m in a l  t ime frame, occupants  w i th  a knowledge of  the

s a f e  e x i t  l o c a t i o n  w i l l  have moved c l o s e r  to t h a t  o b j e c t i v e  

than w i l l  i n d i v i d u a l s  w i th  no s a f e  e x i t  knowledge;  t h i s  w i l l  

occur i r r e s p e c t i v e  of  f l o o r  plan c o n f i g u r a t i o n .

As i n  the d i s c u s s i o n  o f  h y p o t h e s i s  ( 7 ) ,  i t  i s  assumed tha t  many 

f u l l y  a b le  and knowledgable occupants  w i l l  have escaped the f l o o r  by 

th e  ter m in a l  t ime frame,  had a c u r t a i l e d  s i m u l a t i o n  been run for  a 

lo n g e r  per io d  ( s a y ,  150 i n s t e a d  o f  100 t ime f r a m e s ) .  A c c o r d in g ly ,  i t  

i s  e x p e c te d  tha t  such i n d i v i d u a l s  i n c r e a s e  the d i f f e r e n c e  c o n s id e r a b l y  

between t h e i r  i n i t i a l  and f i n a l  p o s i t i o n s ,  and t h a t  t h e i r  movement 

behav ior  w i l l  be d i r e c t e d  toward the e x i t  o b j e c t i v e .  Moreover,  

h y p o t h e s i s  ( 8 ) s u g g e s t s :

(10)  The e f f e c t  p r e d i c t e d  by h y p o t h e s i s  (9 )  w i l l  be g r e a t e r  for

unimpaired occupants  than fo r  t h o s e  w i th  m o b i l i t y  impair ­

ments .

Hypotheses  (7 )  and (9 )  a l s o  s u g g e s t  the  f o l l o w i n g :

(1 1 )  Occupants  w i th  knowledge of  the s a f e  e x i t  l o c a t i o n  w i l l

a c h i e v e  h ig h e r  escape  s c o r e s  than w i l l  t h o s e  w i th  no e x i t  

knowledge.
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Escape s c o r e  i s  an index  which i n d i c a t e s  not  on ly  whether an 

occupant has escaped by the  term in a l  t ime frame (any non-zero  s c o r e ) ,  

but a l s o  how q u i c k l y  ( t h e  h igh e r  the  s c o r e ,  the e a r l i e r  the  e s c a p e ) .

E x i t  knoweldge equips the  occupant with  the  h i g h e s t  p r i o r i t y  g o a l ,  and 

i n d i v i d u a l s  working toward t h i s  goa l  are expected  to escape  e a r l i e s t .

(12)  Occupants with unimpaired m o b i l i t y  w i l l  a c h i e v e  h ig h e r  escape

s c o r e s  than w i l l  m o b i l i t y - im p a i r e d  i n d i v i d u a l s .

According t o  BFIRES, m o b i l i t y - im p a i r e d  occupants  w i l l  r e q u i r e  about  

t w i c e  as much e scap e  t ime than w i l l  unimpaired o n e s .  S ince  escape  s c o re  

i s  a measure o f  e scap e  t ime^,  s c o r e s  fo r  impaired i n d i v i d u a l s  w i l l — by 

d e f i n i t i o n — be s i g n i f i c a n t l y  lower than t h o s e  ach ieved  by 

f u l l y  a b le  occupants .

(13 )  Occupants with knowledge o f  the  s a f e  e x i t  w i l l  t r a v e r s e  a

s h o r t e r  e g r e s s  r ou te  ( i . e . ,  w i l l  take  fewer " s te p s " )  than

w i l l  t h e i r  c o u n t e r p a r t s  p o s s e s s i n g  no e x i t  knowledge.

Occupants with the  e x i t  o b j e c t i v e  c l e a r l y  in  mind should have  

r e l a t i v e l y  l i t t l e  d i f f i c u l t y  in p lanning  t h e i r  escape  r o u t e s .  These  

r o u tes  w i l l  be as d i r e c t  and as l i n e a r  as p o s s i b l e ,  with d e v i a t i o n s  

r e s u l t i n g  on ly from random v a r i a t i o n  and e i t h e r  c o g n i t i v e  or environmen­

t a l  i n t e r r u p t i o n s .

(14)  Unimpaired occupants  w i l l  t r a v e r s e  longer  paths during the

s im u la te d  event  than w i l l  t h o s e  with m o b i l i ty - im p a i r m e n t s .

1 ET = FL(T(1-ES) ) ,  where: (3)

ET = escape  t im e ,  in  seconds  
FL = l e n g th  o f  a s i n g l e  frame, in  seconds  
T = t o t a l  number of  frames run 
ES = o c c u p a n t ' s  e scape  s c o r e
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By d e f i n i t i o n ,  unimpaired occupants  w i l l  take about tw ice  as many 

"steps"  as impaired i n d i v i d u a l s .  D e v ia t io n s  may r e s u l t  from e i t h e r  ran­

dom v a r i a t i o n  or from i n t e r r u p t i o n s ,  as in  the  c a se  o f  h y p o t h e s i s  ( 1 3 ) .

Data C o l l e c t i o n  and A n a ly s i s

The f l o o r  plan c o n f i g u r a t i o n ,  occupant m o b i l i t y ,  e x i t  knowledge,

and d e n s i t y  parameters  were examined at  the  l e v e l s  i n d i c a t e d  in  Figure

3 . 1 3 ,  as d i s c u s s e d  above.  V a r i a t i o n  in  occupant d e n s i t y  was d e f in e d  in

terms of  the maximum number o f  persons  permit ted  to occupy any s p a t i a l

l o c a t i o n  at  a g iv en  po in t  in  t im e .  In Experiment 2,  a p e r s o n -o c c u p ia b le

l o c a t i o n  r e p r e s e n t e d  an imaginary enve lop e  o f  6 .2 5  square f e e t

( 0 . 5 6  m^). Therefore :
L e v e l  1: d e n s i t y  t h r e s h o l d  equals  1; maximum a l lo w a b le  d e n s i t y

equals  0 .1 6  persons per square f o o t  ( 1 . 7 9  persons  per

m2 ) ;

Leve l  2: d e n s i t y  t h r e s h o ld  equals  3; maximum a l lo w a b le  d e n s i t y

equals  0 .4 8  persons  per square f o o t  ( 5 . 3 6  person per  

m2 ) .

The 2x2x2x2 d e s ig n  was r e p l i c a t e d  t w i c e .  For each c e l l ,  v a lu e s  of  

t o t a l  numbers of  e s c a p e e s ,  l o c a t i o n a l  d i f f e r e n c e ,  e scape  s c o r e ,  and 

s p a t i a l  d i sp la cem ent  were recorded .  Separate  f i x e d - e f f e c t s  ana ly s es  of  

v a r ia n c e  were conducted for  each dependent v a r i a b l e .  The f i x e d - e f f e c t s  

model was s e l e c t e d  because  a l l  p o s s i b l e  l e v e l s  o f  the independent v a r i ­

a b l e s  were inc lud ed  in  the  a n a l y s i s  (Edwards, 1972) .^

* M o b i l i t y ,  f l o o r p l a n ,  and e x i t  knowledge are t r e a t e d  as dichotomous.  
D e n s i ty  t h r e s o l d  was t r e a t e d  as dichotomous i n  Experiment 2 to s im­
p l i f y  the a n a l y s i s .
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R e s u l t s

Mean outcomes from s i m u l a t i o n  runs are shown i n  Table 3 . 6 .  The 

v a l u e s  recorded ar e  a g g r e g a t i o n s  of the  o r i g i n a l  data from th e  20 

occupants  i n  each r e p l i c a t i o n .  The data were f u r t h e r  aggregated  ac r oss  

the two r e p l i c a t i o n s .  These data are  g r a p h i c a l l y  presen ted  i n  F igures  

3 .1 4  through 3 . 2 1 .  Analyses  of  var ia nce  f o r  the four dependent v a r i a b l e s  

s t u d ie d  are shown i n  Tab les  3 .7  through 3 . 1 0 .

For a l l  dependent v a r i a b l e s  s t u d i e d ,  v a r i a t i o n  i n  f l o o r  plan  

c o n f i g u r a t i o n  ( i . e . ,  the presence  or absence  of  deadend c o r r i d o r s )  

produced no s i g n i f i c a n t  change in  s im u l a t i o n  outcomes.

V a r i a t i o n  i n  occupant d e n s i t y  ( i . e . ,  whether the d e n s i t y  th r e s h o l d  

was _1_ or had no s i g n i f i c a n t  e f f e c t  upon s im u l a t i o n  outcomes fo r  t o t a l  

numbers of  occupants  e s c a p in g ,  t o t a l  s p a t i a l  d i s p la c e m en t ,  and escape  

s c o r e .  V a r i a t i o n  i n  t h i s  parameter d id ,  however, s i g n i f i c a n t l y  e f f e c t  

occupants  ' f i n a l  p o s i t i o n s  r e l a t i v e  to t h e i r  i n i t i a l  o n e s ,  as  f o l l o w s :

On the a verage ,  occupants  i n  the c a s e  p e r m i t t in g  a h igh e r  d e n s i t y  were 

one s t e p  c l o s e r  to  the  e x i t  go a l  than were i n d i v i d u a l s  i n  the low 

d e n s i t y  c a s e .  This  d i s t a n c e  t r a n s l a t e s  to  3 . 5  f e e t  ( 1 . 0 8  m) .

V a r ia t io n  i n  occupant m o b i l i t y ,  i . e . ,  whether occupants  could  move 

during every  ( v e r s u s  e v e r y - o t h e r )  t ime frame had a s i g n i f i c a n t  e f f e c t  

upon s im u l a t i o n  outcomes f o r  a l l  dependent measures recorded.  In a l l  

c a s e s ,  the e f f e c t  was in  the p r e d i c t e d  d i r e c t i o n .

V a r i a t i o n  i n  s a f e  e x i t  knowledge ( i . e . ,  whether or not  an occupant  

knew the l o c a t i o n  of  the  s a f e  e x i t  a t  the o n s e t  o f  the s im ula ted  e v e n t )  

s i g n i f i c a n t l y  a f f e c t e d  event  outcomes fo r  a l l  dependent measures. In 

each c a s e ,  the e f f e c t  was i n  the p r e d i c t e d  d i r e c t i o n .
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Table 3.6 Mean Data from Simulated Fire Events

C
A

SE

a

a.
XI

a

o
CO
o
X

•a
3
O
X
X

41
to
Cd

44
£
w
a

3
to

JC
a .
u
65

1 1 1 0 0 0 1 . 4 5 . 0 0 8 1 . 3 8

2 0 1 0 0 0 1 . 0 0 . 0 0 8 0 . 6 3

3 0 1 0 1 1 4 . 5 1 5 . 3 0 . 3 0 5 5 . 6 8

4 1 3 0 0 0 0 . 7 0 . 0 0 8 2 . 7 5

5 0 1 1 0 0 0 . 1 0 . 0 0 4 0 . 1 3

6 1 1 1 1 4 . 0 5 . 6 0 . 0 6 3 7 . 3 3

7 0 3 0 0 0 0 . 6 0 . 0 0 8 2 . 4 3

8 0 3 0 1 1 4 . 5 1 5 . 3 5 . 3 1 5 5 . 9 0

9 0 3 1 1 5 . 5 1 1 . 7 5 . 0 5 4 0 . 6 3

10 0 3 1 0 0 - 0 . 2 0 . 0 0 4 0 . 9 8

11 1 3 1 1 5 . 5 9 . 8 5 . 0 7 3 8 . 8 5

12 0 1 1 1 4 . 0 7 . 6 0 . 0 5 4 0 . 1 8

13 1 3 0 1 1 3 . 0 1 5 . 6 5 . 3 0 5 9 . 9 3

1 4 1 3 1 0 0 0 . 2 0 . 0 0 4 2 . 1 8

15 1 1 0 1 1 0 . 5 1 3 . 5 0 . 1 9 6 3 . 9 5

1 6 1 1 1 0 0 1 . 0 5 . 0 0 4 0 . 7 0

N o t e s :  ( a )  f l o o r  p l a n  c o n f i g u r a t i o n :
1 -  d e a d - e n d  p l a n  
0  “  n o n - d e a d - e n d  p l a n

( b )  o c c u p a n t  d e n s i t y  t h r e s h o l d :
v a l u e  i n d i c a t e s  a c t u a l  n u m b e r  o f  o c c u p a n t s  p e r m i t t e d  p e r  p e r s o n - o c c u p i a b l e  
s p a t i a l  l o c a t i o n

( c )  o c c u p a n t s '  m o b i l i t y  s t a t u s :
0 “  a l l  o c c u p a n t s  w e r e  u n i m p a i r e d
1 “  a l l  o c c u p a n t s  w e r e  i m p a i r e d

( d )  o c c u p a n t s '  k n o w l e d g e  o f  t h e  s a f e  e x i t  l o c a t i o n :
0  ■ n o  o c c u p a n t s  p o s s e s s e d  k n o w l e d g e  o f  t h e  s a f e  e x i t  l o c a t i o n
1 “  a l l  o c c u p a n t s  p o s s e s s e d  k n o w l e d g e  o f  t h e  s a f e  e x i t  l o c a t i o n

( e )  n u m b e r  o f  o c c u p a n t s  who e s c a p e d  t h e  f l o o r  b y  t h e  1 0 0 t h  t i m e  f r a m e
( f )  o c c u p a n t s '  f i n a l  l o c a t i o n s  r e l a t i v e  t o  t h e i r  i n i t i a l  l o c a t i o n s ,  l n  g r i d  s t e p s *
( g )  o c c u p a n t s ’ e s c a p e  s c o r e s
( h )  t o t a l  n u m b e r  o f  a c t u a l  s p a t i a l  d i s p l a c e m e n t s ,  i n  g r i d  s t e p s *

* m ean  g r i d  s t e p  «  3 . 5  f e e t  ( 1 . 0 8  m)
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Figure 3.14 Effects of Knowledge of Best Exit Location, Floor Plan Configuration, and Occupant Density on
the Mean Number of Occupants Escaping the Floor
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Table 3.7 Analysis of Variance for Total Number of Occupants
Escaping the Floor

N = 32

SOURCE d . f . S. S. M.S. F

F loor  Plan  Con f ig .  (F) 1 3.781 3 .781 3 .2 7 0

D e n s i t y  Thresho ld  (D) 1 3.781 3.781 3 .2 7 0

Occupant M o b i l i t y  (M) 1 140.281 140.281 121.325*

E x i t  Knowledge (K) 1 639 .031 639.031 522 .677*

F x D 1 .781 .781 l e s s  than 1

F x M 1 3.781 3.781 3 .2 70

F x  K 1 3.781 3.781 3 .2 7 0

D x M 1 .031 .031 l e s s  than 1

D x K 1 3.781 3.781 3 .2 7 0

M x K 1 140.281 140.281 121.325*

F x D x M 1 .781 .781 l e s s  than 1

F x D x K 1 .781 .781 l e s s  than 1

D x M x K 1 .031 .031 l e s s  than 1

F x M x K 1 3.781 3.781 3 .2 7 0

F x D x M x K 1 .781 .781 l e s s  than 1

Within  Groups 16 18 .500 1 .1 56

T o t a l  31 963 .969

* p < .001
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Table 3.8 Analysis of Variance for Route Length

N = 32

SOURCE d . f . S .S . M.S. F

F lo o r  Plan C on f ig .  (F) 1 7 .078 7.078 l e s s  than 1

D e n s i t y  Thresho ld  (D) 1 .057 .057 l e s s  than 1

Occupant M o b i l i t y  (M) 1 7120.717 7120 .717 685.441*

E x i t  Knowledge (K) 1 1293.496 1293 .496 124.512*

F x D 1 4 .4 6 3 4 .4 6 3 l e s s  than 1

F x M 1 21 .863 21 .863 2 .105

F x K 1 .416 .416 l e s s  than 1

D x M 1 7.851 7.851 l e s s  than 1

D x K 1 13.326 13.326 1 .283

M x K 1 961 .959 961 .959 92 .598*

F x D x M 1 10.986 10.986 1 .0 5 8

F x D x K 1 5 .0 8 0 5 .0 8 0 l e s s  than 1

D x M x K 1 11.580 11 .580 1. 115

F x M x K 1 26 .736 26 .736 2 .574

F x D x M x K 1 6 .616 6 .6 1 6 l e s s  than 1

Within  Groups 16 166.216 10.389

T o t a l 31 9658.441

* p < .001
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Table 3.9 Analysis of Variance for Escape Score

N = 32

SOURCE d . f . S .S . M.S. F

Floor  Plan Config .  (F) 1 .001 .001 l e s s  than 1

D e n s i t y  Threshold  (D) 1 .002 .002 1.000

Occupant M o b i l i t y  (M) 1 .092 .092 55 .819*

E x i t  Knowledge (K) 1 .218 .218 131.502*

F x D 1 .001 .001 l e s s  than 1

F x M 1 .003 .003 1.932

F x K 1 .001 .001 l e s s  than 1

D x M 1 .001 .001 l e s s  than 1

D x K 1 .001 .001 l e s s  than 1

M x K 1 .092 .092 55 .819*

F x D x M 1 .001 .001 l e s s  than 1

F x D x K 1 .001 .001 l e s s  than 1

D x M x  K 1 .001 .001 l e s s  than 1

F x M x K 1 .003 .003 1.932

F x D x M x K 1 .001 .001 l e s s  than 1

Within Groups 16 .026 .002

T o t a l  31 .450

* P C .001
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Table 3.10 Analysis of Variance for Difference Values

N = 32

SOURCE d . f .  S .S . M.S. F

Floor  Plan Conf ig .  (F) 1 2 .205 2 .205 4 .3 08

D e n s i t y  Threshold  (D) 1 10 .125 10.125 19.780**

Occupant M o b i l i t y  (M) 1 93 .161 93 .161 182.002**

E x i t  Knowledge (K) 1 1019 .261 1019.261 1991.249**

F x D 1 .361 .361 l e s s  than 1

F x M 1 .125 .125 l e s s  than 1

F x K 1 6 .1 2 5 6 .125 11.966*

D x M 1 3 .9 2 0 3 .9 2 0 7.658*

D x K 1 19 .845 19.845 38.770**

M x K 1 66 .701 66.701 130.309**

F x D x M 1 .781 .781 1.526

F x D x K 1 .781 .781 1.526

D x M x K 1 5 .4 4 5 5 .445 10.637*

F x M x K 1 1 .620 1 .620 3 .165

F x D x M x K 1 .151 .151 l e s s  than 1

Within Groups 16 8 .1 9 0 .512

T o t a l  31 1238.799

* p < .01
** p <i .001
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For each o f  the  four dependent v a r i a b l e s  s t u d i e d ,  the occupant  

m o b i l i t y  by e x i t  knowledge i n t e r a c t i o n  was s i g n i f i c a n t l y  l a r g e .  The 

a n a l y s i s  o f  v a r ia n c e  fo r  f i n a l  l o c a t i o n  r e l a t i v e  to i n i t i a l  l o c a t i o n  

y i e l d e d  a number of  o ther  s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t s .  These  

inc lud ed  the f i r s t  order i n t e r a c t i o n s  between occupant d e n s i t y  and 

m o b i l i t y ,  d e n s i t y  and e x i t  knowledge, and f l o o r  plan and e x i t  knowledge.  

Moreover, the second order e f f e c t  between d e n s i t y ,  m o b i l i t y ,  and e x i t  

knowledge was s i g n i f i c a n t l y  l a r g e .

D i s c u s s i o n

Experiment 1

Two important c o n c lu s i o n s  are sugges ted  by f in d in g s  from E xp er i ­

ment 1. F i r s t ,  under the exper imenta l  c o n d i t i o n s  e s t a b l i s h e d ,  the  

BFIRES computer program f a i t h f u l l y  r e p l i c a t e d  t h e o r e t i c a l  r e l a t i o n s h i p s  

p o s t u l a t e d  with regard to s p a t i a l  s u b d i v i s i o n  and occupant d e n s i t y .

Thus, c o n f id e n c e  in  the  i n t e r n a l  v a l i d i t y  and c o n s i s t e n c y  of  BFIRES 

i s  s t r e n g t h e n e d .  Second, when s im u la t in g  c e r t a i n  kinds of  f i r e  e v e n t s ,  

u sers  should expect  to  f ind  BFIRES capable  of  d i s t i n g u i s h i n g  among 

v a r i a t i o n s  in  such important environmental  and occupancy f a c t o r s  as  

s p a t i a l  s u b d i v i s i o n  and occupant d e n s i t y .

Experiment 2

The a n a ly s e s  for  numbers e scap ing ,  escape  s c o r e ,  and s p a t i a l  

disp lacem ent  appear to e s t a b l i s h  a c o n s i s t e n t  p a t t e r n  o f  r e s u l t s .  The 

a n a l y s i s  for  f i n a l  versu s  i n i t i a l  l o c a t i o n  ( d i f f e r e n c e  s c o r e s )  produced 

r e s u l t s  f a l l i n g  o u t s i d e  t h i s  p a t t e r n ,  and w i l l  be c o ns id ered  s e p a r a t e l y .
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The m o b i l i t y  and knowledge main e f f e c t s ,  and the m o b i l i t y - b y -  

knowledge i n t e r a c t i o n s ,  were a l l  s t a t i s t i c a l l y  s i g n i f i c a n t .  The main 

e f f e c t s  by th emse lves  lend support for  th e  s e n s i t i v i t y  hypotheses  

enumerated fo r  Experiment 2,  above: o ccupants '  escape  behav ior ,  under

t h e  exper im enta l  c o n d i t i o n s  e s t a b l i s h e d ,  are a f f e c t e d  by v a r i a t i o n  in  

l e v e l s  of  occupant m o b i l i t y  and knowledge of  s a f e  e x i t  l o c a t i o n .  More­

over ,  in comparison to  t h e s e  "occupant" v a r i a b l e s ,  v a r i a t i o n  in both 

a l lo w a b le  d e n s i t y  and f l o o r  plan c o n f i g u r a t i o n  have n e g l i g i b l e  e f f e c t s .

However, the  i n t e r a c t i o n  o f  occupant m o b i l i t y  with  s a f e  e x i t  know­

led ge  i s  important for  a s s e s s i n g  the  s e n s i t i v i t y  o f  BFIRES to v a r i a t i o n  

in  t h e s e  two param eters .  That BFIRES produces i n t e r a c t i o n s  among c e r ­

t a i n  v a r i a b l e s  i s  o f  c r i t i c a l  importance,  and permits  more s p e c i f i c  

s ta te m e nts  about the  program's s e n s i t i v i t y .  In p a r t i c u l a r ,  s e n s i t i v i t y  

to  e x i t  knowledge appears c o n t in g e n t  upon the l e v e l  of  occupant m o b i l i t y  

c o n s id e r e d .  Although occupants  r e q u ire  a knowledge of  the  s a f e  e x i t  

l o c a t i o n  in  order to  e scap e  the f l o o r :  ( a )  t h o s e  who are knowledgeable

are  more l i k e l y  to  e scap e  i f  they are not  m o b i l i t y - im p a i r e d ;  and (b)  

t h o s e  who are knowledgeable  w i l l  e scape  more q u ic k ly  i f  they are not  

m o b i l i t y - i m p a i r e d .  Moreover: ( c )  m o b i l i ty - im p a i r e d  occupants  t r a v e r s e

the  few est  s t e p s ,  but for  non-impaired i n d i v i d u a l s ,  f u l l  e x i t  knowledge  

r e s u l t s  in fewer s t e p s  than does a lack o f  knowledge. These e f f e c t s  

are  c o n s i s t e n t  with the s t r u c t u r e  und er ly in g  BFIRES, as d i s c u s s e d  in  

c o n n e c t io n  with hypotheses  ( 6 ) through ( 1 4 ) ,  above.

The a n a l y s i s  of  v a r ia n c e  for  the d i f f e r e n c e  between i n i t i a l  and 

f i n a l  occupant l o c a t i o n s  ( d i f f e r e n c e  s c o r e s )  produced r e s u l t s  f a l l i n g  

far  o u t s i d e  the p a t t e r n  d i s c u s s e d  above.  R e c a l l  that  the  " d i f f e r e n c e  

score" was de f in e d  as the  d i f f e r e n c e  between an occupants '  i n i t i a l
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l i n e a r  d i s t a n c e  from th e  e x i t  g o a l ,  and t h e i r  f i n a l  d i s t a n c e  measured 

at  the t erm in a l  t ime frame. This v a r i a b l e  was expected  to i n d i c a t e  

whether t h o s e  occupants  whose a t ta inm ent  o f  the  e x i t  goa l  was terminated  

premature ly  (by the a r b i t r a r y  s e l e c t i o n  of  the s im u l a t i o n  end p o i n t )  

had o t h e r w is e  made s u b s t a n t i a l  progress  toward the escape  o b j e c t i v e .  

A c c o r d in g ly ,  a p a t t e r n  of  r e s u l t s  s i m i l a r  to that  produced by the  a n a l ­

y s i s  for  numbers e scap in g  was a n t i c i p a t e d .  P or t ions  of  t h i s  p a t te r n  

were,  indeed ,  found in  the a n a l y s i s  of  d i f f e r e n c e  v a lu e s :  occupant

m o b i l i t y  and e x i t  knowledge main e f f e c t s ,  and the  f i r s t  order i n t e r a c ­

t i o n  between t h e s e  param eters .  However, the  occupant d e n s i t y  main 

e f f e c t  was a l s o  found to be s i g n i f i c a n t l y  l a r g e ,  as were a number of  

o t h e r  f i r s t  and second order i n t e r a c t i o n s .  These c om p l ic a te  the  

a n a l y s i s .

I t  may be tha t  t h e s e  e f f e c t s  are p r e d i c t a b l e  from the  framework 

u n d er ly in g  the  computer program, but i n v o lv e  r e l a t i o n s h i p s  so complex  

as to  r e q u ir e  a d d i t i o n a l  a n a l y s e s .  Such s t u d i e s  would i n v o l v e  ob s e r v in g  

the  v a r i a b l e s  s tu d ie d  here  at  o th e r  l e v e l s ,  as w e l l  as c o n s id e r i n g  

a d d i t i o n a l  v a r i a b l e s .

But perhaps t h e s e  e f f e c t s  cannot be traced  to the model.  In that  

c a s e ,  the  program may not  have been c o n s i s t e n t l y  deduced from the frame­

work, or a l t e r n a t i v e l y ,  the i n c o n s i s t e n t  f in d in g s  may be a r t i f a c t s  of  

the p a r t i c u l a r  sample o f  c a s e s  s t u d i e d .  Again,  the  s o l u t i o n  of  th e se  

problems w i l l  be ta sk s  for  f u tu r e  r e se a r c h .  For example,  i t  may be 

d e s i r a b l e  to prepare a number o f  programs, each d e r iv i n g  g e n e r a l l y  from 

th e  t h e o r e t i c a l  framework, w h i l e  vary in g  in the  com posi t io n  or s t r u c t u r e  

of  p a r t i c u l a r  a l g o r i t h m s .  S im ula t ion  outcomes generated by each program 

cou ld  then be compared to determin e  which outcomes most c l o s e l y
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correspond to  the  t h e o r e t i c a l  e x p e c t a t i o n s .  S im u la t ion s  o f  a wide  

v a r i e t y  o f  f i r e  c a s e s  would he lp  guard a g a i n s t  a r t i f a c t s .

S e n s i t i v i t y  to Environmental  v e r su s  Occupant Parameters

In Experiment 1, a l l  r e p l i c a t i o n s  in v o lv e d  occupants  who were f u l l y  

knowledgeable  o f  the  s a f e  e x i t  l o c a t i o n ,  and who were not m o b i l i t y -  

impaired.  Under t h e s e  c o n d i t i o n s ,  event  outcomes for var iou s  l e v e l s  of  

two environmental  parameters  (occupant d e n s i t y  and s p a t i a l  s u b d i v i s i o n )  

were examined. The a n a l y s i s  concluded t h a t ,  under the c o n d i t i o n s  

e s t a b l i s h e d  for  s tu dy ,  BFIRES may be c o n s id er e d  s e n s i t i v e  to v a r i a t i o n  

in  both environmental  parameters .

In Experiment 2 ,  however, two occupant -based  parameters  ( m o b i l i t y )  

impairment and knowledge of  s a f e  e x i t  l o c a t i o n )  were i n v e s t i g a t e d  in  

c o n j u n c t io n  with the  environmental  v a r i a b l e s  s tu d ie d  in th e  former c a s e .  

Occupants i n  Experiment 2 v a r ie d  in  l e v e l  of  m o b i l i t y  impairment and 

e x i t  knowledge, as w e l l  as on the  b a s i s  o f  which environmental  system  

they i n h a b i t e d .  This  a n a l y s i s  conc luded t h a t ,  when s im ula ted  i n d i v i d ­

u a l s  vary on the  b a s i s  o f  occupant param eters ,  BFIRES i s  s e n s i t i v e  only  

to  t h e s e  param eters .  That i s ,  under t h e s e  c o n d i t i o n s ,  the  e f f e c t s  of  

v a r i a t i o n  in  env ironmental  parameters  d i s a p p e a r .

This  f i n d i n g  i s  c r i t i c a l  for  two important r e a s o n s .  F i r s t ,  i t  

h e l p s  d e f i n e  the  ranges o f  c o n d i t i o n s  under which we should expect  the  

program to be s e n s i t i v e  to the  v a r io u s  param eters .  Second, i t  r a i s e s  

an important t h e o r e t i c a l  q u e s t io n  worthy of  fu tu re  i n v e s t i g a t i o n :  Is

the  l i k e l i h o o d  o f  s a f e  escape  dependent upon the  e x te n t  o f  occupants '  

m o b i l i t y ,  emergency preparedness ,  and emergency a l e r t ,  w h i l e  v i r t u a l l y  

independent  of  th e  p h y s i c a l  d e s ig n  of  th e  b u i ld in g?
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AN EXAMINATION OF THE EXTERNAL VALIDITY OF SIMULATION OUTCOMES

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

Purpose

The i n t e r n a l  v a l i d a t i o n  procedure d e a l t  with the  q u e s t io n  of  

whether exper im enta l  m an ip u la t ions  i n  th e  s im u la te d  environment a c t u a l l y  

made s i g n i f i c a n t  d i f f e r e n c e s  in  event outcomes.  This  problem was 

addressed  through the  s e n s i t i v i t y  a n a l y s i s  d i s c u s s e d  in  th e  prev iou s  

s e c t i o n .  In g e n e r a l ,  i t  was shown th a t  not only did m anip u la t ions  

s i g n i f i c a n t l y  i n f l u e n c e  the  outcomes o f  s im u la te d  f i r e  e v e n t s ,  but tha t  

t h e s e  d i f f e r e n c e s  occurred in  th e  d i r e c t i o n s  p r e d i c t e d  by th e  program's  

und er ly in g  t h e o r e t i c a l  s t r u c t u r e .  These f i n d i n g s  b o l s t e r  c o n f id e n c e  in  

th e  b e l i e f  tha t  the  computer program was, in  f a c t ,  deduced from the  

antecedent  framework f i r s t  p o s t u l a t e d .

The broader ,  and more d i f f i c u l t  c r i t e r i o n  to  s a t i s f y  i s  t h a t  of  

e x t e r n a l  v a l i d i t y ,  the  r e p r e s e n t a t i v e n e s s  or g e n e r a l i z a b i l i t y  of  simu­

l a t i o n  r e s u l t s  ( s e e  K e r l in g e r ,  1973 ) .  Two q u e s t io n s  a r i s e  h ere :  (1 )

To what p o p u la t io n s  ( o f  p e r s o n s ,  env ironments ,  and l e v e l s  o f  v a r i a b l e s )  

can i n f e r e n c e s  from s i m u l a t i o n s  be proper ly  drawn? (2 )  Is  the  computer 

s im u l a t i o n  program a u s e f u l  d e v i c e  for  p r e d i c t i n g  r e a l - w o r ld  events?

The f i r s t  q u e s t io n  has a lready  been c on s id er e d  i n  the  c o n t e x t  of  i n d i ­

v i d u a l  re se ar c h  d e s ig n s  employed in  the  s e n s i t i v i t y  a n a l y s e s .  This  

s e c t i o n ,  i s  concerned with the second q u e s t i o n .
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Levels of External Validity

In a d d i t i o n  to  sampling,  e c o l o g i c a l ,  and v a r i a b l e  r e p r e s e n t a t i v e ­

n e ss  ( K e r l i n g e r ,  1973) ,  two a d d i t i o n a l  c r i t e r i a  are e s s e n t i a l  to the  

v a l i d a t i o n  o f  computer s im u l a t i o n  mode ls .  These i n v o lv e  q u e s t io n s  of  

p r e d i c t a b i l i t y  and p l a u s i b i l i t y : Does the  computer program gen e r a te

outcomes p r e d i c t i v e  o f  th o s e  found in  the  r e a l - w o r ld  under the  condi ­

t i o n s  a l l e g e d l y  s im ula ted?  Are b e h a v io r a l  s c e n a r i o s  and outcomes  

produced by the program reasonably  l i k e l y  ( i . e . ,  " f a c e - v a l i d " ) ?

The p r e d i c t i v e  v a l i d i t y  o f  BFIRES outcomes was t e s t e d  i n d i r e c t l y ,  

not by a t tem pt ing  to p r e d i c t  r e s u l t s  o f  f u tu r e  f i r e s ,  but r a th er  by 

measuring the  degree  to which the  program could r e p l i c a t e  a c t u a l  

h i s t o r i c a l  f i r e  events  for  which a ppropr ia te  data was a v a i l a b l e .  The 

p l a u s i b i l i t y  c r i t e r i o n  was examined by comparing s im u l a t i o n  outcomes  

with c o n c lu s i o n s  drawn by o th e r  i n v e s t i g a t o r s .

Experiment 3

D e s c r i p t i o n  and O b je c t iv e

The o b j e c t i v e  o f  t h i s  c a s e  study was to determine  whether data  

d e s c r i b i n g  s im ula ted  f i r e  outcomes conformed with t h o s e  found for  r e a l  

e v e n t s .  Meyers (1977)  rev iewed the NFPA-FIDO'*' data  base  in  order to  

determine  whether c e r t a i n  t rends  were s trong  enough to  j u s t i f y  var iou s  

d e s ig n  recommendations.  Data in  the  FIDO f i l e s  are d e r iv e d  from news

 ̂ N at io n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n - F i r e  In c id e n t  Data O rgan izat ion
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media,  rev iews  o f  accounts  p u b l i she d  in  trade  and t e c h n i c a l  j o u r n a l s ,  

NFPA i n v e s t i g a t i v e  r e p o r t s ,  f i r e  department r e p o r t s ,  and insurance  

company r e p o r t s .

This  data  base  c o n t a in s  in form at ion  in  a number o f  c a t e g o r i e s ,  

p r im a r i ly :  (a )  property  i d e n t i f i c a t i o n ;  (b)  f i r e  o r i g i n ;  ( c )  f i r e

spread; (d)  c a s u a l t i e s ,  and ( e )  p h y s i c a l  l o s s e s .  For some i n c i d e n t s ,  

f l o o r  plans of  r e s i d e n t i a l  u n i t s  are  a l s o  prov ided .  Three types o f  

data were of  p a r t i c u l a r  i n t e r e s t  in  t h i s  study:

( 1 ) d w e l l in g  u n i t  f l o o r  plan;

( 2 ) d w e l l in g  u n i t  l o s s - o f - l i f e  index;

(3 )  adjacency  of  d w e l l in g  u n i t  e x i t  to  r o o m - o f - o r i g in  e n t r y .

These c a t e g o r i e s  are e xp la in e d  below.

Meyers reviewed the  FIDO f i l e s ,  and s e l e c t e d  t h o s e  i n c i d e n t s  in  

which r e s i d e n t i a l  f i r e s  o r i g i n a t e d  in k i t c h e n s .  A l l  d w e l l in g  u n i t s  

chosen had s u b s t a n t i a l l y  s i m i l a r  f l o o r  plans and numbers of  occupants ,  

and v a r ie d  p r im a r i ly  in  the degree  o f  e x i t  adjacency .  For such c a s e s ,  

he recorded l o s s - o f - l i f e  index  data reported  in  th e  f i l e s .  For t h i s  

study  of  p r e d i c t i v e  v a l i d i t y ,  the f l o o r  plans reported  in the FIDO 

f i l e s  were i d e a l i z e d  for  input  i n t o  BFIRES, and, to  as great  a degree  

as p o s s i b l e ,  the f i r e  events  were r e c r e a t e d .

Exper imental  Design

A l l  s im ula ted  f i r e  eve n ts  were run for  s e v e r a l  v a r i a t i o n s  o f  a 

b a s i c  f l o o r  p lan .  These v a r i a t i o n s  were c o n s tr u c te d  to  s im u la te  those  

found in  the FIDO f i l e s .  In a l l  c a s e s ,  four occupants  were assumed to  

in h a b i t  the d w e l l in g  u n i t s .  I t  was a l s o  assumed th a t  the  events  occur­

red during the  n ig h t  hours ,  and that  the  occupants  were l o c a t e d  in the

107



bedrooms. The f l o o r  plans  v a r ie d  ac r o ss  c l a s s e s  o f  e v e n t s ,  in  order to  

r e f l e c t :  (a )  adjacency  o f  d w e l l in g  u n i t  e x i t  to  k i t c h e n  e n try ;  and

(b)  number o f  e x i t s  from th e  d w e l l in g  u n i t .  Plans and occupant l o c a ­

t i o n s  are e x h i b i t e d  in  F igure  3 . 2 2 .

Two l e v e l s  o f  the  adjacency v a r i a b l e  were s t u d i e d .  In the  adjacent  

c o n d i t i o n  (Condi t io n  A),  an occupant would be forced  to  pass  w i t h in  a 

s i n g l e  "step" ( i n  BFIRES terms) o f  the  k i t c h e n  entry  in order to  reach  

the  d w e l l in g  u n i t  e x i t .  In the  n on-adjacen t  c o n d i t i o n  (Condi t io n  B) ,  

an occupant could reach the  d w e l l in g  u n i t  e x i t  w i thout  even e n t e r i n g  a 

space  adjacent  to  the  k i t c h e n  e n t r y .

Floor  plans  w i th  both one and two d w e l l in g  u n i t  e x i t s  were s t u d i e d .  

In the  t w o - e x i t  c a se  (C ond i t ion  C), one e x i t  was r e l a t i v e l y  near th e  

k i t c h e n  en try ,  w h i l e  remote from the s l e e p i n g  a r e a s .  The second e x i t  

was l o c a t e d  w i t h in  one o f  the  bedrooms, and was remote from th e  room of  

f i r e  o r i g i n  ( t h e  k i t c h e n ) .

In order to  make d i r e c t  comparisons with data reported  in th e  FIDO 

f i l e s ,  d w e l l in g  u n i t  l o s s - o f - l i f e  i n d i c e s  were computed from s im u la te d  

f i r e  outcome data .  The l o s s - o f - l i f e  index was intended by NFPA as an 

i n d i c a t o r  o f  th e  number of  f i r e  f a t a l i t i e s  r e l a t i v e  to  the  t o t a l  number 

p o s s i b l e  for  a g iv en  d w e l l in g  u n i t .  S ince  the a c tu a l  number of  occu­

pants  must be expected to  vary from time to  t ime for  any d w e l l i n g ,  the  

index  was d e f in e d  in  terms o f  average  p o t e n t i a l  occupancy (determined by 

th e  number of  bedrooms p r e s e n t ) .  Thus:

nf
LOL = ------1—  (4)

nb + 1
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where: LOL ■= d w e l l i n g  u n i t  l o s s - o f - l i f e  (D.U.  LOL) in d e x ,

n^ *= number o f  f a t a l i t i e s  i n  the  d w e l l in g  u n i t ,  and 

n^ = number o f  bedrooms i n  the d w e l l i n g  u n i t .

Simulated e v e n t s  were run f o r  200 t ime frames ,  or about fou r  

minutes  ( r e f e r  to Appendix A fo r  t ime t ra n s fo r m a t io n  procedures)  . Most 

f i r e  p r o f e s s i o n a l s  agree  t h a t ,  i n  g e n e r a l ,  a person who has not  been 

removed from a f i r e  i n  a smal l  area ( such  as  a apartment)  w i t h i n  four  

minutes has a very low chance of  s u r v i v a l  a t  a l l .  Thus, the s im ula ted  

LOL index  was computed a s :

nf  'LOL' = (b)
n b + 1

where: LOL' = s im u la te d  d w e l l in g  u n i t  l o s s - o f - l i f e  in d e x ,  and

n^ ' = number o f  occupants  remaining i n  the d w e l l in g  u n i t  a t

th e  200th  t ime frame.

Comparisons between s im ula ted  e v e n t s ,  and t h o s e  r e por ted  in  the  

NFPA-FIDO f i l e s  were s t u d i e d  through the examinat ion  of  t h r e e  main 

h y p o t h e s e s :

( 1 )  In s im u la te d  o n e - e x i t  d w e l l in g  u n i t s ,  LOL' i s  g r e a t e r  i n

c a s e s  where t h e r e  i s  k i t c h e n  e n t r y / d . u .  e x i t  a d ja c en cy ,  and 

lower i n  c a s e s  where no adjacency  e x i s t s .

( 2 ) In s im u la te d  c a s e s  where t here  i s  k i t c h e n  e n t r y / d . u .  e x i t

ad ja c en cy ,  LOL' i s  lower when an a l t e r n a t i v e  d . u .  e x i t  i s

prov ided ,  and h igh e r  when no a l t e r n a t i v e  i s  a v a i l a b l e .

(3 )  For a l l  e x i t  and f l o o r  plan arrangements ,  s im ula ted  LOL' data

do not d i f f e r  s i g n i f i c a n t l y  from a c t u a l  f i r e  data  reported  

i n  the NFPA-FIDO f i l e s .

1 10



Data Collection and Analysis

As mentioned above,  LOL data f o r  c a s e s  correspond ing  t o  the  

exp e r im en ta l  d e s ig n  were e x t r a c t e d  from the  FIDO f i l e s  (Meyers,  1977) .  

Data from s im u la te d  c a s e s  were o b ta in ed  by e s t a b l i s h i n g  computer in put  

f i l e s  correspond in g  to each exper im en ta l  c o n d i t i o n ,  and then by r e p l i ­

c a t i n g  each c o n d i t i o n  ten t im e s .  Because the FIDO sample was q u i t e  

s m a l l ,  comparisons were made u s i n g  on ly  f i v e  of  the o r i g i n a l  t e n  

computer r e p l i c a t i o n s .  Zero v a l u e s  of  LOL* were s e l e c t i v e l y  o m i t t e d .

The hypotheses  enumerated above were examined by means of  o n e - t a i l e d  

t - t e s t s  ( f o r  independent groups)  between ap p r o p r ia te  samples .

R e s u l t s

S imulated data are repor ted  i n  Table 3 . 1 1 .  Comparisons between 

s im u la te d  and FIDO data are  shown i n  Table 3 . 1 2 .  When comparing 

d i f f e r e n c e s  between s im ula ted  f i r e  c o n d i t i o n s ,  i t  was found t h a t :

( a )  the d w e l l in g  u n i t  l o s s - o f - l i f e  index  (LOL1) was s i g n i f i c a n t l y  

g r e a t e r  for  the plan e x h i b i t i n g  k i t c h e n / d . u .  e x i t  ad ja c en cy ,  then for  

th e  plan i n  which no such adjacency  was pre sen t  ( t ^ y = 1 6 .0 0 ,  p c .O l j ;  

and (b)  LOL' was s i g n i f i c a n t l y  lower fo r  the plan which provided a 

second means o f  e g r e s s  from the d w e l l in g  u n i t ,  than fo r  the  plan  

c o n t a i n i n g  on ly a s i n g l e  e x i t  ad jac en t  to  the k i t c h e n  e n try  ( t j ^ = 10 . 0 0 , 

P<.01)  •

When s im ula ted  data  were compared w i t h  those  o b ta in ed  from the  FIDO 

f i l e s , the f o l l o w i n g  r e s u l t s  were found: (a )  no s i g n i f i c a n t  d i f f e r e n c e

i n  LOL v e r su s  LOL' was noted  f o r  the one e x i t / a d j a c e n c y  c o n d i t i o n  

( t g = 1 . 2 9 ,  p > .0 5 ) ;  (b )  LOL' was s i g n i f i c a n t l y  h igher  than LOL, f o r  the
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Table 3.11 Loss-of-Life Indices for Simulated Residential Fires (LOI/)

R e p l i c a t i o n C ondit ion 2Con dit ion  B C on dit ion  C'

1

oo

.33 .33

2

oo oo

. 33

3

oo oo oo

4 .67 .33 o o

5

oo oo oo

6 .33

oo

.33

7 .33

oo oo

8

oo oo oo

9 .33

oo oo

10 .67

oo

.33

Means .23 .07 .13

Std .  Devs. .28 .14 .16

 ̂ Con d i t ion  A: k i t c h e n  e n t r y — d . u .  e x i t  adjacency

2
Condit ion  B: no adjacency

3 Con d it ion  C: two d . u .  e x i t s
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Table 3 .1 2  Comparisons o f  L o s s - o f - L i f e  I n d i c e s  Between Real  (LOL) and 
Simula ted  (LOL1) R e s i d e n t i a l  F i r e s

R e p l i c a t i o n Condit ion
2

Condit ion  B
3

Condit ion  C

S im u l . Real S im u l . Real Simul. Real

1 .67 .67 .33 .00 .33 .00

2 .33 1 .00 .33 .00 .33 1 .00

3 .33 .67 .00 .00 .33 .00

4 .33

oo

.33 .33

5 .67 .00 .00

Means .47

00 .13 .00 .26 .33

Std.  Devs. .20 1 . 10 .14 .00 .10 .47

 ̂ C ondi t ion  A: Kitchen  e n t r y — d .u .  e x i t  adjacency

2
C ondit ion  B: no adjacency

3
C ondit ion  C: two d .u .  e x i t s

113



one e x i t / n o n - a d j a c e n t  c o n d i t i o n  ( t ^ = 1 3 . 0 0 ,  p < .01 ) ;  and ( c )  no s i g n i f i ­

cant  d i f f e r e n c e  i n  LOL v e r su s  LOL* was no ted  fo r  the two e x i t  c o n d i t i o n  

( t y = l  . 4 0 ,  p> .05)  .

Experiment 4

D e s c r i p t i o n  and O b je c t iv e

During the  w in te r  o f  1977-7B,  a f i r e  occurrea  i n  a  smal l  movie  

t h e a t e r  i n  Washington,  D .C . , c la im in g  11 l i v e s .  Of the  20 occupants  

presen t  at  the time of  the  f i r e ,  two escaped  the b u i l d i n g  before  

c o n d i t i o n s  became i n t o l e r a b l e ,  and the seven  remaining s u r v iv o r s  were 

removed by f i r e f i g h t e r s .  Among the  11 who d i e d ,  about three  d ied  in  

h o s p i t a l s  as a r e s u l t  of  burns and smoke i n h a l a t i o n .  The o thers  died  

dur ing t h e  f i r e .

The t h e a t e r  was l o c a t e d  i n  a second s t o r y  l o f t  s p a c e .  A s i n g l e  

s t a i r  at  the rear  was used both for  a c c e s s  and e g r e s s .  An emergency 

e x i t  l e a d in g  t o  the f i r s t  f l o o r  roof  was provided at  the f r o n t ,  but t h i s  

was locked  shut  to  prevent  e n try  by van d a ls ,  and was e f f e c t i v e l y  

u n a v a i l a b l e .  The t h e a t e r  space i s  shown i n  Figure 3 . 2 3 .

The f i r e  o r i g i n a t e d  i n  the ground f l o o r  lobby ,  and r e s u l t e d  from 

the  c a r e l e s s  s to r a g e  o f  h i g h l y  flammable c l e a n i n g  f l u i d s .  Dense a c r id  

smoke q u i c k l y  migrated up the s ta ir w ay  i n t o  the t h e a t e r  a r e a ,  and f lames  

blocked t h i s  ( o n l y )  e g r e s s  path .

S e v e r a l  i n v e s t i g a t i o n s  of  t h i s  f i r e  were conducted ,  i n c lu d in g  th o s e  

by the Washington,  D.C. f i r e  and p o l i c e  departments ,  t h e  N a t io n a l  Fire  

P r o t e c t i o n  A s s o c i a t i o n  and the N a t io n a l  Bureau of  Standards .  Various  

arguments regard in g  the f i r e  r e s i s t i v e n e s s  of  the s t r u c t u r e  and means for
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b lo c k in g  smoke f low need not  concern us h e r e .  However, a l l  p r o f e s s i o n a l s  

agreed that  the  high l o s s  of  l i f e  was caused by the  blockage  o f  the  on ly  

means o f  e scap e ,  and that  had an a l t e r n a t i v e  e x i t  been a v a i l a b l e ,  there  

might have been no f a t a l i t i e s  at  a l l .

The o b j e c t i v e  o f  t h i s  exper iment,  then,  was to determine whether  

BFIRES was capable  o f  (a )  reproducing the  c a s u a l t y  s t a t i s t i c s  of  the  

a c t u a l  h i s t o r i c a l  e v e n t ,  and (b)  a g r e e in g  with p r o f e s s i o n a l  ex p e r ts  

c oncern in g  p o s s i b l e  outcomes had an a l t e r n a t i v e  e x i t  been a v a i l a b l e .

Experimental  Design

Actual  f i r e s  are unique e v e n t s ,  and for  any s i n g l e  b u i l d i n g  or 

f a c i l i t y ,  i t  i s  d i f f i c u l t  to  th in k  in  terms o f  a d i s t r i b u t i o n  of  events  

which may be d e s c r ib e d  by c e r t a i n  parameters .  In may be p o s s i b l e ,  how­

e v e r ,  to  c o n s id e r  d i s t r i b u t i o n s  of  events  having occurred i n  a s i n g l e  

c l a s s  o f  b u i l d i n g s ,  such as t h e a t e r s .  But even when t h i s  approach i s  

ta ken ,  the o b j e c t i v e  o f  r e c r e a t i n g  a s i n g l e  event  in  a p a r t i c u l a r  

f a c i l i t y  i s  not approached d i r e c t l y .  One could argue ,  however,  that  i f  

s im u la te d  outcomes g e n e r a l l y  conformed to t h o s e  found among numerous 

e v e n t s  from a g iven  r e a l - w o r ld  c l a s s ,  then the s im u l a t i o n  program i s  

u s e f u l  fo r  p r e d i c t i n g  outcomes of  f i r e s  i n  any member of  that  c l a s s .

Because data were a v a i l a b l e  only for  a f i r e  in  a s i n g l e  th e a te r  

of  a p a r t i c u l a r  d e s ig n  and occupancy,  a modif ied  v e r s i o n  of  the above  

approach was f o l lo w e d .  S p e c i f i c a l l y ,  f i v e  r e p l i c a t i o n s  of  the s im ulated  

event  were run, and the mean of  the  r e p l i c a t i o n  outcomes was compared 

( q u a l i t a t i v e l y )  a g a i n s t  r e s u l t s  from th e  a c tu a l  f i r e .  In a d d i t io n ,  

r e p l i c a t i o n s  of  events  under each of  th e  two e x i t  c o n d i t i o n s  were run,  

and the  means for  each compared.
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In a l l  s im u l a t i o n  runs,  occupants  were assumed to  be f u l l y  m ob i le .  

However, the  va r io u s  e x i t  c o n d i t i o n s  were t r e a t e d  i n  terms of  d i f f e r ­

ences in  knowledge o f  th e  s a f e  e x i t  l o c a t i o n .  That i s ,  occupants  in  

the  one e x i t  c a s e ,  s e e i n g  th a t  the  on ly  a v a i l a b l e  e x i t  was t o t a l l y  

b locked ,  had no knowledge o f  any a l t e r n a t i v e .  Occupants in  th e  two 

e x i t  c a s e ,  however, were assumed to be knowledgeable  of  the  l o c a t i o n  

o f  the  a l t e r n a t i v e  e x i t .

Simulated f i r e s  were run fo r  100 t ime frames,  correspond in g  to  

approximate ly  2 .2 5  m in u te s .  F i r e  p r o f e s s i o n a l s  s u g g e s te d  t h a t ,  under 

t h e  c o n d i t i o n s  p r e s en t  in the  t h e a t e r ,  persons who did not  escape  on 

t h e i r  own by t h i s  t ime would l i k e l y  be u n c o n s c io u s .  The number o f  

occupants  e scap in g  by the  100th frame were recorded at  the  c o n c lu s i o n  

of  each of  f i v e  r e p l i c a t i o n s ,  for each of  the  e x i t  c o n d i t i o n s .  I t  was 

assumed that  th o s e  remaining w i t h i n  th e  t h e a t e r  by the  end of  each 

r e p l i c a t i o n  had e i t h e r  been removed l a t e r  by f i r e f i g h t e r s ,  or e l s e  

had p e r i s h e d .

R e s u l t s

Simulated data are  reported  in  Table 3 . 1 3 .  In the  one e x i t  c a s e ,  

no occupants  escaped the  t h e a t e r  during any r e p l i c a t i o n .  In th e  two 

e x i t  c o n d i t i o n ,  an average o f  19 .80  occupants  escaped ,  ac r oss  the  f i v e  

runs .  These p r e l im in ar y  f i n d i n g s  conform to  the  f a c t  tha t  on ly  two 

p ersons  a c t u a l l y  escaped on t h e i r  own b e f o r e  c o n d i t i o n s  became i n t o l e r ­

a b l e ,  and s u g g e s t  tha t  the  presence  o f  a v i a b l e  a l t e r n a t i v e  e x i t  would 

have d r a m a t i c a l l y  reduced the number of  c a s u a l t i e s .
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Table 3.13 Numbers of Occupants Escaping From Two Simulated Theater
Fires

R e p l i c a t i o n Condit ion
2

C on d it ion  B

1 0 20

2 0 19

3 0 20

4 0 20

5 0 20

Means 0 .0 0 19 .80

Std.  Devs. 0 .0 0 0 .4 5

 ̂ C o n d i t io n  A: one e x i t  a v a i l a b l e ,  but  b locked

2
C o n d i t io n  B: one e x i t  b lo c k e d ,  a l t e r n a t e  e x i t  c l e a r

118



Discussion of Experiments 3 and 4

Experiment 3

The a n a l y s e s  o f  comparisons between the  s im ula ted  c o n d i t i o n s  

support hypotheses  ( 1 ) and ( 2 ) ,  and i n d i c a t e  t h a t ,  for  th e  environmental  

and occupancy s i t u a t i o n s  s p e c i f i e d ,  BF1RES produces trends  conforming to  

t h o s e  found in  an a c t u a l  h i s t o r i c a l  data b ase .  For two of  the  t h r e e  

c o n d i t i o n s  s t u d i e d ,  a n a ly s e s  of  comparisons between s im ula ted  and 

h i s t o r i c a l  data support  h y p o t h e s i s  ( 3 ) ,  and s u g g e s t  t h a t  BFIRES i s  

capable  o f  reproduc ing c e r t a i n  kinds o f  event  outcomes.

These comparisons with  t h e  NFPA-FIDO data r e i n f o r c e  our c o n f id e n c e  

t h a t  BFIRES i s  s e n s i t i v e  to c e r t a i n  important parameters ,  as d i s c u s s e d  

e a r l i e r .  In p a r t i c u l a r ,  we n o te  tha t  v a r i a t i o n  in  f a c t o r s  under the  

d i r e c t  c o n t r o l  o f  b u i l d i n g  d e s ig n e r s  and r e g u l a t o r s  ( f l o o r  plan and 

e x i t  arrangement,  and numbers o f  e x i t s )  seem to have a s u b s t a n t i a l  

impact upon th e  l i k e l i h o o d  of  e scap e .

The d i s c u s s i o n  on s e n s i t i v i t y  a l s o  s u g g e s te d  tha t  t h i s  e f f e c t  

should be e s p e c i a l l y  pronounced in  c a s e s  where occupants  could be 

assumed not  to  vary a long  such f a c t o r s  as e x i t  knowledge ( f a m i l i a r i t y  

with  the b u i l d i n g ' s  l a y o u t )  and m o b i l i t y .  In Experiment 3 ,  occupants  

were assumed not  to  vary in  both t h e  s im ula ted  and h i s t o r i c a l  c a s e s .

A t e s t  o f  the h y p o t h e s i s  that  occupant f a c t o r s  i n t e r a c t  with environ­

mental  v a r i a b l e s  ( e . g . ,  tha t  under c e r t a i n  c o n d i t i o n s  v a r i a t i o n  in  oc cu­

pant f a c t o r s  minimize environmental  e f f e c t s )  i s  l e f t  fo r  fu tu re  s tudy .

F i n a l l y ,  i t  must be noted t h a t  w h i l e  s im u la te d  f i r e  outcomes ( i . e . ,  

l o s s - o f - l i f e  i n d i c e s )  g e n e r a l l y  conformed to t h o s e  found in  an a c tu a l  

h i s t o r i c a l  data base ,  t h e s e  f i n d i n g s  o f f e r  on ly  i n d i r e c t  ev id ence  of  the
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c o r r e c t n e s s  o f  the b e h a v io r a l  p r o c e s s e s  s im ula ted  by BFIRES. Important  

t a sk s  for  fu tu re  research  w i l l  be,  t h e r e f o r e ,  to  examine BFIRES behavior  

under a very wide spectrum o f  c a s e s ,  and to  s i m i l a r l y  examine a l t e r n a ­

t i v e  models and e x p l a n a t i o n s  of  the same phenomena.

Experiment 4

This  experiment p o in t s  to  c e r t a i n  shortcomings inheren t  in  BFIRES 

which make i n t e r p r e t a t i o n  of  the  data l e s s  than s t r a i g h t f o r w a r d ,  and 

which he lp  d e f i n e  the  domain o f  problems to  which the program i s  b es t  

s u i t e d .  Consider ,  for  example,  the f a c t  tha t  occupants  never  escaped  

t h e  s im ulated  o n e - e x i t  space .  In g e n e r a l  terms,  the  t h e o r e t i c a l  

s t r u c t u r e  u n d er ly in g  BFIRES in  no way p rec lud es  escape  under such 

c o n d i t i o n s .  Thus, e i t h e r  the  t r a n s l a t i o n  from theory  to  the  computer 

model,  or e l s e  the deployment of  the model to  the p a r t i c u l a r  c a s e ,  

r e s u l t e d  in  the  i n a b i l i t y  of  occupants  to  escape .

One e x p la n a t io n  for  t h i s  r e s u l t  i s  perhaps tha t  the  p a r t i c u l a r  

f i r e  under study lay o u t s i d e  the boundaries  d e l i n e a t e d  by BFIRES, and 

was thus in a p p r o p r i a te  for  study by means of  t h i s  computer s im u l a t i o n  

program. I t  must be noted that  in th e  r e a l  f i r e ,  the development  

of  f lame and smoke required  a c e r t a i n  per iod  of  t ime ( a l b e i t  l e s s  than  

one m in u te ) .  During the  e a r ly  s t a g e s  o f  t h i s  deve lopmental  p r o c e ss ,  

i t  i s  not s u r p r i s i n g  tha t  some occupants  (perhaps a lready  near the  

s ta i r w a y )  r e co g n iz e d  the p o t e n t i a l l y  dangerous s i t u a t i o n ,  and proceded  

down the s t a i r  b e fo re  c o n d i t i o n s  became u n t e n a b le .  BFIRES, however,  

does not  model p h y s i c a l  f i r e  development over t ime,  nor does i t  s im u l a te  

human r esp onses  under d i r e c t  co n ta c t  with f i r e  b iproducts  ( r e c a l l  tha t  

BFIRES users  must u s u a l l y  assume that  the  f i r e  i s  occ u r r in g  in  some
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other  part  o f  th e  b u i l d i n g ,  w h i l e  e v a c u a t io n  i s  tak in g  p la c e  in the  

zone under s t u d y ) .  Thus, at  the  o n s e t  o f  the  s im ula ted  e v e n t ,  we must 

assume that  c o n d i t i o n s  had a lready  become i n t o l e r a b l e ,  and that  the  

s ta i r w a y  was a lready  i m p a s s i b l e .  Under t h i s  assumption,  i t  seems q u i t e  

l o g i c a l — and p r e d i c t a b l e — t h a t  no s im u la te d  occupants  would escape  the  

t h e a t e r  s p a c e .  We might c on c lu d e ,  then ,  th a t  BFIRES i s  in  f a c t  an 

a p p r o p r ia te  s im u la to r  for  f i r e s  in  t h i s  b u i l d i n g  c l a s s ,  provided we 

accept  the idea  o f  s im u l a t i n g  an event  a f t e r  i t  has a lready  reached a 

c e r t a i n  c r i t i c a l  s t a g e .

Another shortcoming i s  i l l u m in a t e d  by the f a c t s  that  v i c t i m s  o f  the  

r e a l  f i r e  were reported  to have attempted escape  v i a  the  locked e x i t ,  

and th a t  a number o f  persons  were found in  t h e  immediate v i c i n i t y  of  

that  door by f i r e f i g h t e r s .  F a m i l i a r i t y  with the  second e x i t  was 

supported by p o l i c e  i n t e r v i e w s  with  s u r v i v o r s ,  which i n d i c a t e d  that  the  

door was marked with an e x i t  s i g n ,  and th a t  some persons even saw the  

door used on prev iou s  o c c a s i o n s .  However, in  the  absence o f  a s p e c i f i e d  

e x i t  g o a l ,  BFIRES produced behavior  c h a r a c t e r i z e d  as "meandoring", and 

s im ulated  occupants  were not  found to  c l u s t e r  in  the  v i c i n i t y  of  the  

blocked e x i t  by t h e  100th t ime frame. In f a c t ,  t h o s e  s im ula ted  occu­

pants  who did respond a d a p t i v e l y  sought the  corner  o f  the t h e a t e r  

f a r t h e s t  from the s t a i r ,  in  an e f f o r t  to  maximize t h e i r  d i s t a n c e  from 

th e  th r e a t  sou r c e .  But t h i s  corner was a c r o ss  the  room from the blocked  

e x i t .  The f a c t  th a t  BFIRES does not  account for  prev ious  e x per iences  in  

a b u i l d i n g ,  or fo r  such cues as " e x i t "  s i g n s  i s  c l e a r l y  a shortcoming  

which l i m i t s  the range of  i t s  a p p l i c a t i o n .
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An Examination o f  Face V a l i d i t y

Experiments  such as t h o s e  d i s c u s s e d  above prov ide  primary ev id en ce  

f o r  or a g a i n s t  the  p r e d i c t i v e  and r e p l i c a t i v e  v a l i d i t y  of  a computer 

s im u l a t i o n  program, and he lp  to d e l i n e a t e  the  boundar ies  and c o n d i t i o n s  

o f  i t s  a p p l i c a t i o n .  Of somewhat l e s s  obv ious  v a l u e  are a n a ly s e s  of  a 

s i m u l a t i o n ' s  "face  v a l i d i t y " ,  i n  which correspondence  between s im ula ted  

eve n ts  and r e s u l t s  reported  in  th e  l i t e r a t u r e  i s  sought ,  and in  which 

we a l s o  t ry  to r e c o n c i l e  s im u l a t i o n s  with c o n v e n t io n a l  and p r o f e s s i o n a l  

wisdom.

Comparisons With the L i t e r a t u r e

In Chapter I ,  v a r io u s  impediments to  e m p ir ica l  model b u i l d in g  us ing  

data reported  in  the  l i t e r a t u r e  were n o te d .  In l i g h t  of  those  problems,  

comparisons between BFIRES outcomes and phenomena reported  independent ly  

by other  i n v e s t i g a t o r s  may be of v a lu e  in  determining (a t  l e a s t  on some 

q u a l i t a t i v e  l e v e l )  th e  e x t e r n a l  v a l i d i t y  of  the  s im u l a t i o n  model.  More­

o v e r ,  such comparisons should f u r th e r  i l l u m i n a t e  the boundaries  w i t h in  

which BFIRES i s  a p p l i c a b l e .

Perhaps the  most important c o n t r i b u t i o n  by the  London Transport  

Board (LTB) r e s e a r c h e r s  (London Transport Board, 1958) was t h e i r  r e a l i ­

z a t i o n  tha t  complex p e d e s t r i a n  systems must be s tu d ie d  in t h e i r  e n t i r e t y ,  

s i n c e  var iou s  segments of  such systems tend to  vary in  terms of  t h e i r  

c a r r y i n g  c a p a c i t i e s  and o ther  c h a r a c t e r i s t i c s .  R e c a l l  tha t  a l l  other  

e a r ly  research  on th e  car ry in g  c a p a c i t y  of  p e d e s t r i a n  ways invo lved  the  

study of  f low r a t e s  on i s o l a t e d  paths ( e . g . ,  a s i n g l e  s t a i r  f l i g h t ,  or a 

measured segment of  a p a r t i c u l a r  c o r r i d o r ) .  Data reported  in  t h i s
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chapter  fo r  Experimentl  appear to  support the  op in io n s  o f  the LTB i n v e s ­

t i g a t o r s .  The data s u g g e s t  that  varying  degrees  o f  r ou te  " c o n s t r i c t i o n "  

produce d i f f e r e n c e s  in  movement behavior  and in  such important outcomes  

as e g r e s s  t im e .  These s im ula ted  data i n d i c a t e  t h a t ,  t o  a p o i n t ,  

i n c r e a s e d  c o n s t r i c t i o n  r e s u l t s  in  more d i r e c t  movement toward the e x i t  

g o a l ,  and thus s h o r t e r  e g r e s s  t im e .

Appleton and Quiggen (1976)  repor ted  that  s t r e s s ,  f a t i g u e ,  and 

i n d e c i s i o n  a l l  had n e g a t i v e  e f f e c t s  on r e sc u e  performance during a 

s im ula ted  evacuat ion  on an a c tu a l  h o s p i t a l  ward. Although r e sc u e  

a c t i v i t i e s  are  not accommodated by BFIRES, the experiments  reported  

e a r l i e r  in  t h i s  chapter  s u gge s t  tha t  in  g e n e r a l ,  i n d e c i s i o n  and m o b i l i t y  

impairments act  to  i n c r e a s e  occupants '  e g r e s s  t im e s ,  and reduce t h e i r  

o v e r a l l  performance during computer-simula ted  f i r e  e v e n t s .

F i n a l l y ,  Wood (1972)  and Bryan (1977)  reported  that  e v a c u a t io n  

o f t e n  i s  not t h e  f i r s t  a c t i o n  taken during r e s i d e n t i a l  f i r e s ,  but that  

t h i s  mode of behavior  o f t e n  occurs  in  c o n j u n c t io n  with such other  

a c t i o n s  as a l e r t i n g  o th e r  occupants ,  r e sc u in g  o t h e r s ,  and c a l l i n g  the  

f i r e  department.  BFIRES d i r e c t l y  s im u la te s  p e d e s t r i a n  movement on ly ,  

and on the assumption th a t  the  d e c i s i o n  to  evacuate  has a lready  been 

made p r io r  to  the  o n s e t  o f  a s im u l a t i o n  run , such movement may be 

construed  as " evacuat ion" .  However, the movement o f  occupants  during  

s im ula ted  events  f r e q u e n t l y  d e v i a t e s  from an opt imal  path toward a s a f e  

e x i t ,  even when i n d i v i d u a l s  are  f a m i l i a r  with th e  b u i l d i n g ,  are m obil e ,  

and are making d e c i s i o n s  on the  b a s i s  of  unambiguous and c o r r e c t  i n f o r ­

m ation .  Although BFIRES occupants  do not " i n v e s t i g a t e  the  f i r e " ,  " a l e r t  

o t h e r s " ,  e t c . ,  per s e , each of  t h e s e  a c t i v i t i e s  has the  e f f e c t  of  u s in g  

up p o t e n t i a l l y  v a l u a b l e  t ime.  I t  i s  t h i s  c h a r a c t e r i s t i c  o f  the  Wood and
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Bryan f i n d i n g s  which appears to  be s im u la te d  by th e  d e v i a t i o n s  and 

detours  generated  by BFIRES. Thus, both the  Wood and Bryan surveys  and 

BFIRES data  a l l  agree  th a t  u n i d i r e c t e d  e x i t i n g  behav ior  i s  not  n e c e s ­

s a r i l y  an outcome of  a f i r e  a l e r t .  Occupants may choose  to  t r a v e r s e  a 

l e s s  d i r e c t — but e q u a l ly  p u r p o s e f u l — r o u t e  to  tha t  f i n a l  e x i t  g o a l .

Bryan and Wood a l s o  repor ted  t h a t ,  on the  b a s i s  of  t h e i r  f i n d i n g s ,  

f a m i l i a r i t y  w i th  the  b u i l d i n g  la y o u t  c o r r e l a t e d  with n e i t h e r  evacuat ion  

speed nor th e  d i r e c t n e s s  o f  th e  e g r e s s  r o u t e .  These c o n c lu s i o n s  do not  

concur wi th  BFIRES data which s u g g e s t  t h a t ,  d e s p i t e  th e  d e v i a t i o n s  and 

detours  d e s c r ib e d  above ,  f a m i l i a r i t y  i s  a n e c e s s a r y  component of  rap id  

and d i r e c t  e v a c u a t i o n .  As d i s c u s s e d  e a r l i e r ,  however,  BFIRES g r e a t l y  

s i m p l i f i e s  the  e g r e s s  problem by ig n o r in g  non-movement r e l a t e d  behav iors  

which c o n t r i b u t e  to  e g r e s s  s u c c e s s .

C o n v e n t i o n a l / P r o f e s s i o n a l  Wisdom About Egress  Behavior During F ir e s

Over the  y e a r s ,  p r o f e s s i o n a l  a r c h i t e c t s ,  f i r e  p r o t e c t i o n  e n g i n e e r s ,  

and b u i l d i n g  r e g u la t o r y  o f f i c i a l s  have  deve loped  a body of  o p in io n  

concern in g  v a r io u s  a s p e c t s  of  occupants '  emergency e g r e s s  behavior  

p a t t e r n s .  Much of  t h i s  c o n v e n t i o n a l / p r o f e s s i o n a l  wisdom has been b u i l t  

i n t o  d e s ig n  and r e g u l a t o r y  p r a c t i c e ,  and concerns:  (a )  t h e  p r o v i s i o n  of

ap p r o p r ia te  numbers of  e x i t s ;  (b)  th e  problem of  blocked e g r e s s  ways;

( c )  t h e  c l a r i t y  and s i m p l i c i t y  of  e g r e s s  system d es ign ;  (d)  dead-end 

c o r r i d o r s ;  ( e )  occupant d e n s i t y ;  ( f )  f a m i l i a r i t y  and emergency t r a i n i n g ;  

and (g )  t h e  e f f e c t s  o f  s p e c i a l  occupant c a p a b i l i t i e s  ( e . g . ,  those  of  

e l d e r l y  or handicapped p o p u l a t i o n s ) .

Des ign p r o f e s s i o n a l s  have long agreed that  no b u i l d i n g  occupant  

should ever  be trapped in  the  s i t u a t i o n  where the  on ly  a v a i l a b l e  e g r e s s

1 24



path was b locked .  As a r u l e ,  a minimum o f  two e x i t s  are  t h e r e f o r e  

provided in  b u i l d i n g s  l a r g e r  than tw o- fam i ly  d w e l l i n g s .  The p o s s i b i l i t y  

th a t  a s i n g l e  e x i t  cou ld ,  i f  b locked ,  e a s i l y  entrap occupants ,  and the  

n o t io n  tha t  t h i s  problem i s  r e a d i l y  m i t ig a t e d  by the p r o v i s i o n  of  an 

a l t e r n a t i v e  e x i t ,  are amply demonstrated by the  s im ula ted  data from 

Experiments  3 and 4 .

P r o f e s s i o n a l s  have a l s o  b e l i e v e d  t h a t ,  in  g e n e r a l ,  s h o r te r  and more 

d i r e c t  p e d e s t r i a n  c i r c u l a t i o n  paths  reduce  ambiguity  and i n c r e a s e  the  

l i k e l i h o o d  o f  s a f e  emergency e s c a p e ,  e s p e c i a l l y  where occupants  are  

u n f a m i l ia r  with the  b u i l d i n g  layout  and e x i t  l o c a t i o n s .  This  b e l i e f  

was p a r t i a l l y  r e p l i c a t e d  by the  BFIRES d a ta ,  which s u g g e s t  tha t  w e l l -  

d ef in e d  paths  r e s u l t  in  s h o r t  e g r e s s  t imes  when peop le  are  f a m i l i a r  w i th  

e x i t  l o c a t i o n s .  However, s im ula ted  occupants  who are not  f a m i l i a r  with  

e x i t  l o c a t i o n s  are  not  l i k e l y  to e s ca p e ,  r e g a r d l e s s  of  the  c l a r i t y  with  

which the  c i r c u l a t i o n  system was d e s ig n e d .

Design and r e g u l a t o r y  p r o f e s s i o n a l s  g e n e r a l l y  expect  few problems  

to  d e r iv e  from dead-end c o r r id o r s  of  r e l a t i v e l y  short  l e n g th  (about 15 

f e e t  or l e s s ) .  However, where dead-ends lead to  m a z e - l i k e  networks of  

spaces  (as in o l d e r  o f f i c e  b u i l d i n g s ,  f a c t o r i e s ,  or h o s p i t a l s ) ,  people  

not f a m i l i a r  with emergency e g r e s s  r ou tes  are  expected  to become 

co n fu s ed ,  g e t  l o s t ,  and not escape  the  f l o o r  w i t h i n  a r e a so n a b le  period  

of  t im e .  Data from Experiment 2 s u g g e s t s  t h a t ,  for  occupants  knowledge­

a b l e  o f  e x i t  l o c a t i o n s ,  dead-ends o f  short  l e n g th  are o f  v i r t u a l l y  no 

consequence .  However, l onger  dead-ends ,  or c o r r i d o r s  l e a d in g  to addi ­

t i o n a l  rooms, may r e s u l t  in  unnecessary  meandoring,  and th e  concommitant  

l o s s  of  v a l u a b l e  t im e .  This  hypotheses  was not  s p e c i f i c a l l y  t e s t e d  

during  the  current  i n v e s t i g a t i o n .
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F i n a l l y ,  b u i l d i n g  p r o f e s s i o n a l s  g e n e r a l l y  agree  t h a t :  (a )  persons

f a m i l i a r  with e x i t s  and e g r e s s  r o u t e s  (whether through c o n t in u a l  use  or  

through t r a i n i n g )  are  more l i k e l y  to escape  in a r e a s o n a b le  per io d  of  

t ime; and (b)  m o b i l i t y  impaired occupants  w i l l  r e q u ir e  more t ime for  

evacuat ion  than w i l l  t h e i r  unimpaired c o u n t e r p a r t s .  Both o f  t h e s e  expec­

t a t i o n s  are  amply supported by s im ulated  data from Experiments 1 and 2.

Correspondence with Anecdotal  Accounts

F i r e  r e p o r t s  p u b l i s h e d  by th e  N at ion a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n  

during the  l a s t  f i v e  years  were rev ie wed .  F i r e s  i n  var iou s  types of  

r e s i d e n t i a l  f a c i l i t i e s  were s e l e c t e d  for  conten t  a n a l y s i s .  These  

i n c lu d ed :  (a)  m u l t i - f a m i l y  d w e l l i n g s ;  (b) h o t e l s ;  ( c )  d o r m i t o r i e s ;  and

(d)  nu r s in g  homes. A number o f  ge n e r a l  p a t t e r n s  were recorded,  and 

t h e s e  appear to conform with BFIRES-produced be h av ior s :

(1 )  A f ter  be ing  a l e r t e d  to  the  f i r e  danger,  occupants  f r e q u e n t l y  

took t ime to dres s  and c o l l e c t  t h e i r  b e l o n g in g s .  In t h e s e  c a s e s ,  evac­

u a t io n  was n e i t h e r  immediate nor d i r e c t .

(2 )  Where dead-end c o r r i d o r s  were p r e s e n t ,  some occupants  repor ted  

o v e r s h o o t i n g  emergency e x i t  doors.

(3 )  Walking toward the  f i r e  was o c c a s i o n a l l y  repor ted  by persons  

s p e c i f i c a l l y  s e e k in g  the  e x i t ,  even in  c ases  where the  s a f e  e x i t  was 

i n  the  o p p o s i t e  d i r e c t i o n .

(4 )  Evacuees tended to move toward the  most f a m i l i a r  e x i t .

( 5 )  Mid-stream d i r e c t i o n  changing was o f t e n  r e p o r te d ,  even in  c a s e s  

where such behavior  could not be traced  to any sudden change in env iron­

mental  c i r c u m s ta n c e s .

( 6 ) I n d e c i s i o n  was f r e q u e n t ly  repor ted .
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SUMMARY

S e n s i t i v i t y  and I n t e r n a l  V a l i d i t y

In c a s e s  where a l l  occupants  knew th e  s a f e  e x i t  l o c a t i o n  and where 

no occupants  were m o b i l i t y - i m p a i r e d ,  experiments  u s in g  the  BFIRES 

computer s im u l a t i o n  program y i e l d e d  r e s u l t s  s u g g e s t i n g  t h a t :

(1 )  Escape s c o re  v a r i e s  as a f u n c t i o n  of  th e  e x te n t  to  which a 

s p a t i a l  zone i s  subd iv ided  i n t o  s m a l l e r  segments .  For a zone o f  g iven  

gross  area ,  the  mean escape  s c o r e  for  a l l  occupants  should i n c r e a s e  as 

th e  number of  s p a t i a l  s u b d i v i s i o n  i s  i n c r e a s e d .

(2 )  Tota l  s p a t i a l  d i sp lacem en t  by occupants  v a r i e s  i n v e r s e l y  as a 

f u n c t i o n  o f  the e x te n t  o f  s p a t i a l  s u b d i v i s i o n .  As a zone i s  subdiv ided  

i n t o  more s p a c e s ,  the  number of  s t e p s  taken by occupants  should d e c r e a s e .

(3 )  Escape s c o r e  v a r i e s  as a f u n c t io n  o f  p e r m i s s i b l e  occupant  

d e n s i t y  in  a s im ula ted  environment.  With a h igh e r  p e r m i s s i b l e  d e n s i t y ,  

a h ig h e r  mean escape  s c o re  should be found for  a l l  s im ula ted  occupants  

on the f l o o r .

(4)  Total  s p a t i a l  d i sp la cem ent  v a r i e s  i n v e r s e l y  as a fu n c t io n  of  

p e r m i s s i b l e  occupant d e n s i t y .  At h igh e r  d e n s i t i e s ,  fewer s p a t i a l  

disp lacem en t  should be found.

(5 )  The e f f e c t  of  occupant d e n s i t y  i s  dependent upon the extent  of  

s p a t i a l  s u b d i v i s i o n .  D e n s i ty  appears to have the  g r e a t e s t  impact where  

s p a t i a l  zones are subd iv ided  i n t o  a l a r g e r  number o f  s m a l l er  areas .

Under c o n d i t i o n s  where occupants  v ar ied  i n  t h e i r  knowledge of s a f e  

e x i t  l o c a t i o n ,  and t h e i r  l e v e l s  of  m o b i l i t y  impairment, BFIRES e x p e r i ­

ments y i e l d e d  r e s u l t s  s u g g e s t i n g  t h a t :
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( 6 ) F loor  plan c o n f i g u r a t i o n  ( s p e c i f i c a l l y ,  the  presence  or 

absence  of  dead-end c o r r i d o r s )  has no e f f e c t  on emergency eg r es s  

outcomes.

(7)  In g e n e r a l ,  e g r e s s  outcomes w i l l  not  be in f l u e n c e d  by v a r i a ­

t i o n s  in  p e r m i s s i b l e  occupant d e n s i t y .

( 8 ) Egress  outcomes vary as a f u n c t i o n  of  occupant m o b i l i t y .  

Unimpaired occupants  are  more l i k e l y  to  escape  the  f l o o r  w i t h in  a g iven  

per io d  o f  t ime,  w i l l  e scape  more q u i c k l y ,  and w i l l  t r a v e r s e  sh o r te r  

r o u tes  than w i l l  t h e i r  m o b i l i t y - im p a i r e d  c o u n t e r p a r t s .

(9)  Egress  outcomes vary as a f u n c t io n  o f  occupants '  knowledge of  

the s a f e  e x i t  l o c a t i o n .  Knowledgeable occupants  are  more l i k e l y  to  

escap e  the  f l o o r ,  w i l l  escape  more q u i c k l y ,  and w i l l  t r a v e r s e  s h o r te r  

ro u t e s  than w i l l  uninformed i n d i v i d u a l s .

(10)  The e f f e c t  o f  e x i t  knowledge i s  dependent upon occupants '  

m o b i l i t y .  In g e n e r a l ,  occupants  may never  escape  w i t h in  the  t ime a l lowed  

i f  they are not informed as to the l o c a t i o n  o f  the  s a f e  e x i t .  However, 

occupants  who j i£  know the  s a f e  e x i t ' s  l o c a t i o n  w i l l  escape  f a s t e r  and 

along  more d i r e c t  r ou tes  i f  they are not  m o b i l i t y - im p a i r e d .

Externa l  V a l i d i t y

The e x t e r n a l  v a l i d i t y  of  s im u l a t i o n  r e s u l t s  was e v a lu a te d .  Two 

exper im enta l  t e s t s  were d i s c u s s e d ,  in  which an attempt was made to  

compare outcomes from BFIRES s im u l a t i o n  runs a g a i n s t  (a )  data s e l e c t e d  

from an a r c h i v a l  f i l e  and (b)  outcomes reported  for  a s i n g l e  h i s t o r i c a l  

f i r e .  R e s u l t s  of  t h e s e  t e s t s  s u g g e s t  t h a t ,  w i t h in  th e  boundaries
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e s t a b l i s h e d  by th e  exper im ents ,  BFIRES i s  capable  o f  reproducing c e r t a i n  

important f i r e  outcomes ( e . g . ,  numbers o f  persons  u l t i m a t e l y  e scap in g ;  

l o s s - o f - l i f e  i n d i c e s ) .

In a d d i t i o n ,  the g e n e r a l  p a t t e r n s  o f  emergency e g r e s s  behavior  

produced by BFIRES were compared with t h o s e  found i n  the  e a r l i e r  

research  l i t e r a t u r e ,  with p r o f e s s i o n a l  o p in io n s  about such b e h a v io r a l  

p a t t e r n s ,  and with genera l  im press io ns  gathered from an e c d ota l  a c c o u n t s .  

With few e x c e p t i o n s ,  t h e s e  comparisons i l l u s t r a t e  agreement between  

s im u l a t i o n  r e s u l t s  and var iou s  independent  s o u r c e s ,  and s u g g e s t  th a t  

( a t  l e a s t  on c e r t a i n  s u p e r f i c i a l  l e v e l s )  convergence  i s  p o s s i b l e .
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Chapter IV 

DISCUSSION 

GENERAL CONCLUSIONS 

Conclus ions  from t h e  Experimental  R e s u l t s

This  study demonstrated the  f e a s i b i l i t y  o f  s y s t e m a t i c a l l y  concept ­

u a l i z i n g  the emergency e g r e s s  behav ior  of  b u i l d in g  occupants  under 

c e r t a i n  s p e c i f i e d  c o n d i t i o n s ,  and i l l u s t r a t e d  the  u t i l i t y  of  s im u la t in g  

t h i s  behav ior  by computer.  S p e c i f i c a l l y ,  r e s u l t s  from exper iments  

d es ign ed  to examine th e  v a l i d i t y  o f  BFIRES sugges t  th a t :

( 1 )  A v a r i e t y  of  genera l  e g r e s s  s i t u a t i o n s  could be s im ula ted  by

means o f  BFIRES.

(2 )  Every such s i t u a t i o n  i s  unique,  and i s  d e f in e d  by the  s e t  of  

u s e r - s u p p l i e d  input  parameter v a lu e s  which d e s c r i b e  th e  b u i l d i n g ,  the

t h r e a t ,  and th e  occupants .

( 3 )  BFIRES output  i s  r e a d i l y  i n t e r p r e t a b l e  in  terms o f  f a m i l i a r  

u n i t s  of  space  and t im e .  Thus, th e  program i s  capable  of  s im u l a t i n g  

environments o f  known (or  d e s i r e d )  s p a t i a l  d im ens ions ,  and events  of  

known (or d e s i r e d )  temporal  d u r a t io n .

(4 )  BFIRES i s  s e n s i t i v e  to v a r i a t i o n s  in  parameters o f  immediate 

i n t e r e s t  to  b u i l d i n g  d e s ig n e r s  and r e g u l a t o r s .  These i n c lu d e :

( a )  s e v e r a l  a s p e c t s  o f  f l o o r  plan c o n f i g u r a t i o n ;  (b)  t h e  e x i s t e n c e  of

impairments to  occupants '  m o b i l i t y ,  ( c )  occupants '  f a m i l i a r i t y  with the  

b u i l d i n g  l a y o u t ,  (d)  l e v e l s  o f  occupant d e n s i t y ,  and ( e )  e x i t  b l o c k in g .
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(5)  Under c e r t a i n  c o n d i t i o n s ,  BFIRES i s  capab le  o f  independent ly  

reproducing important b e h a v i o r a l  p a t t e r n s  known to  have occurred during  

r e a l  f i r e s .  These g e n e r a l l y  concern: ( a )  speed and d i r e c t n e s s  o f  eg r es s

movement; (b)  r e sp on ses  to  b locked e x i t s ;  ( c )  e f f e c t s  o f  f a m i l a r i t y  with  

e x i t  l o c a t i o n s ;  and (d)  e f f e c t s  of  m o b i l i t y  impairments .

Comparisons with Other S im u la t ion s

Three important a p p l i c a t i o n s  of  computer s im u l a t i o n  methodology to  

th e  study of  emergency e g r e s s  b ehav ior  were reviewed in Chapter I I .

These inc lu d ed  the  models by Wolpert and Zil lmann ( 1 9 6 9 ) ,  Edmondo, e t  

a l . ,  ( 1 9 6 9 ) ,  and Korkemaz ( 1 9 7 7 ) .  C l e a r l y ,  work on th e  development of  

BFIRES drew most d i r e c t l y  from Wolpert and Z i l lm ann's  approach.  In 

p a r t i c u l a r ,  BFIRES and the  e a r l i e r  s im u l a t i o n  are the  on ly  two e x e r c i s e s  

i n  which an attempt to  model th e  movement dec is ionm akin g  behavior  of  

occupants  was s p e c i f i c a l l y  made. Both programs r e q u i r e  i n d i v i d u a l  occu­

pants  to  "work t h e i r  way" out of  the  l i f e - t h r e a t e n i n g  environment,  on 

th e  b a s i s  o f  g iven  i n i t i a l  c o n d i t i o n s ,  as w e l l  as env ironmental  changes  

which occur over  t im e .

The e s s e n t i a l  d i f f e r e n c e  between BFIRES and the  Wolpert and 

Zil lmann program, however,  i s  the  f a c t  t h a t  BFIRES t r e a t s  d e c i s i o n ­

making and concommitant a c t i o n  as a s t o c h a s t i c  p r o c e s s . Thus, under a 

p a r t i c u l a r  s e t  o f  c o n d i t i o n s  at any po in t  in  t ime,  move d e c i s i o n s  are  

made p r o b a b i l i s t i c a l l y , and tend on ly  to  be b iased  i n  the  d i r e c t i o n  

s u g g e s te d  by a v a i l a b l e  in fo r m a t io n .  By c o n t r a s t ,  a g iv e n  s e t  of  

environmental  c o n d i t i o n s  w i l l  produce a unique movement d e c i s i o n  i n  

Wolpert  and Z i l lm a n n ' s  s i m u l a t i o n .
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Other s i m u a l t i o n s  by Edmondo, et a l . ,  and by Korkemaz, avoided the  

q u e s t io n  o f  how occupants  respond to  in for m at ion  in  the  emergency e n v i ­

ronment.  In t h e i r  mode ls ,  e g r e s s  paths were predetermined,  based on the  

f l o o r  plan c o n f i g u r a t i o n  of  the b u i l d in g  under s tu d y .  A c c o r d in g ly ,  once  

occupants  s e l e c t e d  a g e n e r a l  d i r e c t i o n  for  movement, evacuat ion  

proceeded along th e  p r e s e l e c t e d  p a t h s .

U n l ike  BFIRES, the  o ther  models reviewed did attempt  to  s im u la te  

f i r e  and smoke movement w i t h in  the  immediate environment of  e scap ing  

occupants .  Both Wolpert and Zil lmann,  and Edmondo, et  a l . ,  t r e a t  t h e s e  

agents  as b a r r i e r s  to  e g r e s s  movement, and as p o t e n t i a l  i n i t i a t o r s  of  

r o u t e - s w i t c h i n g  b e h a v io r .  Korkemaz, on the  o ther  hand, emphasized the  

p h y s i o l o g i c a l  e f f e c t s  of  i n h a b i t i n g  a space  i n f i l t r a t e d  by smoke ( e . g . ,  

th e  r e d u c t io n  o f  oc cupants '  movement s p e e d s ) .

L i m i t a t i o n s  on th e  A p p l i c a t i o n  o f  BFIRES

As su gge s te d  in  Chapters  I I  and I I I  above (and a l s o  in  Appendix A),  

the  use  of  BFIRES i s  s u b j e c t  to  a number of  important l i m i t a t i o n s .  In 

p a r t i c u l a r ,  the program u ser  i s  forced  to  make a v a r i e t y  of  assumptions  

about ( a )  the  f i r e ,  (b)  the b u i l d i n g  e n c l o s u r e ,  ( c )  modes of  in form at ion  

t r a n s m i s s i o n  and r e c e p t i o n ,  (d)  th e  conten t  o f  in fo r m a t io n ,  ( e )  p o s s i b l e  

p a t t e r n s  of  eg r es s  movement, and ( f )  modes of  emergency behavior  o ther  

than e g r e s s  movement.

Assumptions Regarding the  F ir e

When u s in g  BFIRES to  ana lyze  a p a r t i c u l a r  f i r e  e v e n t ,  the  user  must 

g e n e r a l l y  assume t h a t  the  f i r e  beg ins  and remains in  a p o r t io n  of  the
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b u i l d i n g  d i s t i n c t l y  separated  from th e  e vac u at ion  zone under s tudy .

In the  s i m p l e s t  c a s e s ,  the  f i r e  i s  assumed to occur e i t h e r  on an 

e n t i r e l y  d i f f e r e n t  f l o o r  o f  the b u i l d i n g ,  or e l s e  in  a zone s u f f i c i e n t l y  

separa ted  from— w h i l e  on the  same f l o o r  a s — the  area  be ing  observed .

When t h i s  assumption  i s  v i o l a t e d ,  s im ula ted  f i r e  event  outcomes may 

not n e c e s s a r i l y  be u s e f u l .  Consider for  example Experiment 3,  in  which 

th e  f i r e  o r i g i n a t e d  in  the  k i t c h e n  o f  an apartment.  C l e a r ly ,  the  

s e p a r a t i o n  assumption was v i o l a t e d  i n  th a t  c a s e .  However, r e s u l t s  from 

Experiment 3 seem t o  s u g g e s t  tha t  under some c o n d i t i o n s ,  BFIRES i s  

robust  with r e s p e c t  to  the  f i r e  l o c a t i o n .  R e s u l t s  from Experiment 4 ,  

however, do not n e c e s s a r i l y  support t h i s  n o t i o n ,  s i n c e  c a l i b r a t i n g  the  

s im u l a t i o n  t o  produce r e a l - w o r ld  outcomes may have required  e s t a b l i s h i n g  

i n i t i a l  c o n d i t i o n s  which d i f f e r e d  unacceptab ly  from t h o s e  preced in g  the  

r e a l  f i r e .

Assumptions About th e  B u i ld in g  Enclosure

When app ly ing  BFIRES, the  user  must reduce the b u i l d i n g ' s  form to  

extrem ely  s im ple  e l e m en ts ,  namely w a l l  segments and doorways. In con­

n e c t i o n  with doorways, the  program a l lo w s  the user  to  choose whether a 

doorway w i l l  c o n t a in  a door p ane l ,  and whether such pane l s  are  to  be 

a u t o m a t i c a l l y -  or m a n u a l l y - c l o s i n g .  Walls must be s p e c i f i e d  in  l i n e a r  

segments ,  and must l i e  a long  r e c t i l i n e a r  g r id  l i n e s .  Curved or d iagona l  

segments  may only  be s im ulated  by "stepping" short  r e c t i l i n e a r  segments  

( a s  in  F igures  2 .1  and A . 2 ) .

The s im u l a t i o n  o f  f u r n i s h i n g s  w i t h i n  rooms i s  not  d i r e c t l y  accomo­

dated by BFIRES, a l th ough  where such elements  as book c a s e s ,  wardrobes  

and o ther  la r g e  u n i t s  are thought to  provide  w a l l - l i k e  b a r r i e r s ,  they
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can be s im ula ted  i n d i r e c t l y  as w a l l s .  S i m i l a r l y ,  windows cannot be 

s im ula ted  d i r e c t l y ,  but may in  c e r t a i n  c a s e s  be t r e a t e d  as doorways.

S t a ir w ays ,  ramps, and o ther  i r r e g u l a r  s u r f a c e s  cannot be s imulated  

d i r e c t l y .  They can be t r e a t e d  as l e v e l ,  smooth s u r f a c e s ,  however,  by 

d i s t o r t i n g  t h e i r  l en gth  and/or  w id th s .  A s t a i r  e n c lo s u r e ,  for  example,  

may be s im ula ted  by a d j u s t i n g  i t s  dimensions so tha t  movement r a t e s  

w i t h in  such an e n c lo s u r e  in an a c tu a l  b u i l d i n g  are approximated.

Assumptions About Informat ion Transmiss ion and Recept ion

When prepar ing to s im u la te  a f i r e  under a p a r t i c u l a r  s e t  o f  

c o n d i t i o n s ,  and to  observe  the behavior  of  s im ula ted  b u i ld in g  occupants  

i n  re sp onse  to  the  f i r e  danger,  the BFIRES user  must bear in  mind that :  

(1 )  The " v i su a l"  c a p a b i l i t i e s  of  s im ula ted  occupants  extend on ly  to the  

p e r c e p t i o n  o f  b a r r i e r s  to  t h e i r  movement ( i . e . ,  w a l l s  and o ther  occu­

p a n t s ) .  (2 )  Sign-born in form at ion  ( e . g . ,  " e x i t " ,  "no e x i t " ,  e t c . )  i s  

not  accomodated. (3 )  Auditory communications are l i m i t e d  t o  the t r a n s ­

m is s ion  of  in form at ion  about e x i t  l o c a t i o n s  and the  f i r e  l o c a t i o n ,  v i a  

e i t h e r  i n t e r p e r s o n a l  c o n t a c t s  or p u b l i c  addr e ss .  (4 )  The tr a n sm iss io n  

of  v i s u a l  or au d i tory  in for m at ion  d i r e c t l y  from f i r e ,  smoke, or b u i ld in g  

d e t e r i o r a t i o n  i s  not  accommodated.

Assumptions About th e  Content  o f  Informat ion

When prov ided ,  f i r e  a l e r t s  impart unambiguous in form at ion  s p e c i f i ­

c a l l y  i d e n t i f y i n g  e x i t  and f i r e  l o c a t i o n s .  Occupants are  assumed to  

"get  the message r i g h t  the  f i r s t  t ime",  and not to  m i s i n t e r p r e t  the
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in fo r m a t io n .  BFIRES permits  the  i n t r o d u c t i o n  o f  f i r e  a l e r t s  at  the  

onse t  of  s im ula ted  events  o n ly ,  and a l low s  any number o f  occupants  to  be 

d e s ig n a t e d  as r e c i p i e n t s  of  the i n i t i a l  a l e r t .

Assumptions About P a t te r n s  o f  Emergency Egress  Movement Behavior

BFIRES r e s t r i c t s  occupants  to  movement between p e r s o n -o c c u p i a b l e  

gr id  l o c a t i o n s  o n l y .  Movement between such l o c a t i o n s  may occur along  

any of  the  e ig h t  p o s s i b l e  v e c t o r s  ( s e e  F igure  C .2 ) .  The r e m a i n - in - p l a c e  

o pt io n  i s ,  of  c ou r s e ,  always a v a i l a b l e .  The p r i n c i p a l  g o a l s  of  emer­

gency eg r es s  behavior  c ons id ered  by BFIRES are e x i t  goa l  s e e k in g ,  threa t  

e v a s io n ,  or some combination of  t h e s e .  Once an occupant has e x i t e d  the  

study area ,  he i s  removed from th e  a n a l y s i s ,  and r e e n tr y  t o  th e  danger  

zone i s  not  s im u la te d .

Emergency Behaviors  Other than Egress  Movement

The f o l l o w i n g  behaviors  are c h i e f  among t h o s e  excluded from s im u la ­

t i o n  v i a  BFIRES: ( a )  h e l p in g  persons unable to remove themselves  from

the danger zone (by o ther  e s c a p e e s ) ,  (b)  r e sc u in g  by nonoccupants ( e . g . ,  

f i r e f i g h t e r s ) ,  ( c )  p u r p o s e f u l l y  i n v e s t i g a t i n g  the  f i r e  s i t u a t i o n ,  and

(d)  s e ek in g  a s s i s t a n c e  ( e . g . ,  a l e r t i n g  the f i r e  department ) .

I n t e r p r e t i n g  the  L im i t a t io n s

The degree  to  which v i o l a t i o n s  o f  assumptions summa r i z e d  above 

i n f l u e n c e  the  u s e f u l n e s s  of  s im ulated  data depends upon the  nature  of  

th e  a p p l i c a t i o n  i t s e l f .  Two extreme c ases  i l l u s t r a t e  t h i s  p o i n t .  In 

a h i g h - r i s e  b u i l d i n g ,  emergency response  a c t i v i t i e s  may be s tu d ie d  on 

th e  t h i r d  s t o r y ,  w h i l e  the  f i r e  has been conf ined  some d i s t a n c e  away,
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f o r  example on the  ten th  s t o r y .  I t  may be p e r f e c t l y  r e ason ab le  to  

assume t h a t  a l l  occupants  o f  the  s tu dy  f l o o r  ar e  ambulatory,  have been 

a l e r t e d  to the e x i s t e n c e  o f  the f i r e ,  and have even been informed that  

one of  the two s ta i r w a y s  has become b locked by smoke and should not  be 

u sed .  I t  may a l s o  be r e a so n a b le  to  assume, as in  the  c a s e  of  a m u l t i ­

fa m i ly  r e s i d e n t i a l  b u i l d i n g ,  that  a l l  occupants  are s u f f i c i e n t l y  f a m i l ­

i a r  with the  layout  o f  t h e i r  f l o o r ,  and t h a t  they can l o c a t e  s a f e  

e x i t s — r o u tes  to  them— without  the a id  o f  d e s c r i p t i v e  s ig n s  or schemat ic  

diagrams.  I f  the f i r e  occurs  during th e  daytime or e a r ly  evening in  

such a b u i l d i n g ,  occupants  may be assumed awake, a l e r t ,  and capable  of  

r e c e i v i n g  incoming i n fo r m a t i o n .  Under such c i r c u m s ta n c e s ,  BFIRES should  

be expec ted  to y i e l d  u s e f u l  outcomes,  with r e s p e c t  to  e g r e s s  movement 

p a t t e r n s ,  e g r e s s  t im e s ,  and numbers of  persons escap ing  the  f l o o r  ( s e e  

Experiments  1 and 2 ) .  Another somewhat analogous s i t u a t i o n  would be 

the  s im u l a t i o n  of  a f i r e  d r i l l ,  in  which we seek  to p r e d i c t  movement 

p a t t e r n s ,  t im e s ,  e t c .

The converse  s i t u a t i o n  i s  one in  which a f i r e  beg ins  during the  

n i g h t  w i t h i n  a zone oc cupied  by e l d e r l y  r e s i d e n t s ,  many o f  whom s u f f e r  

s e v e r e  m o b i l i t y  impairments ,  are nonambulatory,  or are h e a v i l y  s e d a te d .  

Under t h e s e  c o n d i t i o n s ,  BFIRES should not  be expected to  prov ide  data  

u s e f u l  in  p r e d i c t i n g  f i r e  outcomes.

Because of  l i m i t a t i o n s  such as th o s e  d i s c u s s e d  above, the a p p l i c a ­

t i o n  o f  BFIRES to  a c t u a l  d es ign  or r e g u la t o r y  problems i s  not  p r e s e n t l y  

recommended. In the  next  s e c t i o n ,  d i r e c t i o n s  for  r e se a r c h  i n t o  the  

m i t i g a t i o n  of t h e s e  shortcomings  are  c o n s id e r e d .
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IMPLICATIONS FOR FUTURE RESEARCH

The model p resen ted  and a p p l i e d  i n  Chapters  11 and I I I  s e r v e s  as  a 

network of  i n t e r r e l a t e d  hypotheses  about r e l a t i o n s h i p s  and parameters  

b e l i e v e d  to  d e s c r i b e  b u i l d i n g  f i r e  e v e n t s .  As the f i r s t  such model to  

t r e a t  human dec is ionm akin g  as the fundamental  b u i l d i n g  b lo c k ,  i t  i s  

s p e c u l a t i v e  and t e n t a t i v e .  Indeed,  the computer s i m u l a t i o n  program 

based on t h i s  model does gen e r a te  e g r e s s  movement behavior  by s im u la te d  

humans under c e r t a i n ,  r a th er  narrowly d e f in e d  c i r c u m s ta n c e s ,  however,  

Experiments  3 and 4 d e s c r i b e d  above only beg in  to  i l l u m i n a t e  the e x te n t  

to  which the a p l i c a t i o n  of  BFIRES provides  data a p p l i c a b l e  to  r e a l  

world f i r e  outcomes.

As a computer s im u l a t i o n  o f  human be hav ior ,  BFIRES does more than  

ge n e r a te  a r t i f i c i a l  behavior  p a t t e r n s  ( i . e . ,  event  ou tcomes) .  The pro­

gram a l s o  makes a p r e c i s e  s ta tement  about the ways people  are thought  

t o  ga ther  and use in fo r m a t io n  from the  environment,  to  i d e n t i f y  and 

e v a l u a t e  a c t i o n  a l t e r n a t i v e s ,  and t o  o t h e r w is e  d e a l  w i th  the problem 

of  a t t a i n i n g  s a f e t y  from a f i r e  t h r e a t .  The u s e r  concerned on ly  with  

th e  v a l i d i t y  of  s i m u l a t i o n  outcomes may have l i t t l e  i n t e r e s t  i n  the  

v e r i s i m i l i t u d e  between BFIRES 1 s t r u c t u r e  and the o r g a n i z a t i o n  of human 

c o g n i t i v e  p r o c e s s e s .  However, g iv e n  a pre l im inary  s ta tem ent  by BFIRES 

about the o r g a n i z a t i o n  of  such p r o c e s s e s  w i th  r e s p e c t  to  a g iv e n  e n v i ­

ronment (however,  crude or s i m p l i s t i c ) ,  f u r th e r  r e s e a r c h  wi th  the pro­

gram should o f f e r  o p p o r t u n i t i e s  fo r  a t t a i n i n g  a deeper understanding  

o f  human behavior  during f i r e s ,  and fo r  e n r i c h i n g  our understanding  

o f  p e r t i n e n t  s u b s t a n t i v e  a r e a s .
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Se ve r a l  s p e c i f i c  i m p l i c a t i o n s  fo r  f u t u r e  research  stem from the  

m odeling ,  programming, and exper im enta l  e x e r c i s e s  d e s c r ib e d  e a r l i e r .  

These i n c lu d e  (a )  r e se a r c h  toward s p e c i f y i n g  the  range o f  a p p l i c a b i l i t y  

o f  BFIRES as a t o o l  for  env ironmental  a n a l y s i s ,  in  i t s  current form;

(b)  re se ar c h  toward expanding the  range o f  a p p l i c a b i l i t y  o f  BFIRES;

( c )  re se ar c h  i n t o  new q u e s t io n s  about human behavior  during f i r e s ;  and

(d)  new p e r s p e c t i v e s  on research  in  r e l a t e d  s u b s t a n t i v e  a r e a s .

Research Toward S p e c i f y i n g  t h e  Range o f  A p p l i c a b i l i t y  o f  BFIRES

In the pr e v iou s  s e c t i o n ,  a v a r i e t y  of  assumptions and l i m i t a t i o n s  

governin g  the  a p p l i c a t i o n  o f  BFIRES were summarized. The f a c t  tha t  th e  

s i m u l a t i o n  exper iments  presen te d  here  on ly beg in  to  s p e c i f y  th e  range of  

the  program's a p p l i c a b i l i t y — as a t o o l  for  env ironmental  a n a l y s i s — was 

a l s o  d i s c u s s e d .  Any user  o f  the  program w i l l  be concerned with two 

important q u e s t i o n s :  (1 )  Can the  a p p l i c a t i o n  of  BFIRES to a p a r t i c u l a r

d e s ig n  problem be expected  to prov ide  v a l i d  and u s e f u l  data? (2)  Does 

the  a p p l i c a t i o n  of  BFIRES to  a p a r t i c u l a r  d e s ig n  problem r e q u i r e  assump­

t i o n s  about the  b u i l d i n g ,  the  f i r e ,  and o ther  occupants— in  the  r e a l  

world— which cannot be supported?

Future rese ar c h  must address  t h e s e  q u e s t i o n s ,  and s p e c i f y  for  the  

u s e r  the  exact  c o n d i t i o n s  under which s a t i s f a c t o r y  data from s im u l a t i o n  

runs may be exp e c te d .  This w i l l  r e q u i r e  th e  conduct of  numerous s im ula­

t i o n  exper iments  of  the  type  presen te d  i n  Chapter I I I .  As such data  

b a s e s  as the  NFPA-FIDO f i l e s  expand to  i n c lu d e  more examples of  d i v e r s e  

h i s t o r i c a l  f i r e  e v e n t s ,  i t  w i l l  become p o s s i b l e  to  p a t t e r n  s t u d i e s  a f t e r  

Experiment 3 ,  and to  e x p lo re  the a p p l i c a b i l i t y  of  BFIRES under an 

i n c r e a s i n g l y  broad range o f  env ironmental  and occupancy c o n d i t i o n s .

138



At any t im e ,  moreover,  i t  should be p o s s i b l e  to  attempt  s im u l a t i n g  

s p e c i f i c  r e a l - w o r ld  f i r e s  f o r  which s u f f i c i e n t  data are  o b t a i n a b l e .

Such c a s e  s t u d i e s  can be modeled a f t e r  Experiment 4 .  Un like h i s t o r i c a l  

data b a s e s ,  over  which the  BFIRES u ser  has v i r t u a l l y  no c o n t r o l ,  the  

c a s e  study en ab le s  the  i n v e s t i g a t o r  to  o b t a in  very s p e c i f i c  kinds of  

data fo r  a f i r e  e v e n t .  This can b e n e f i t  th e  BFIRES u ser  by en a b l in g  

t h e  i n v e s t i g a t o r  to s p e c i f i c a l l y  r e q u e s t  data i n  program-usable form,  

and thus to  reduce the r i s k  th a t  assumed s i m u l a t i o n  in p u t  c o n d i t i o n s  

ar e  not  s u f f i c i e n t l y  analogous  to  those  d e f i n i n g  th e  a c t u a l  e v e n t .

This  l a t t e r  po int  und erscores  the importance of e s t a b l i s h i n g  good 

working r e l a t i o n s  with ap p r o p r ia te  groups such as  l o c a l  f i r e  and p o l i c e  

departm ents .  For example,  Experiment 4 was f a c i l i t a t e d  by tape  

r e c o r d in g s  of  i n t e r v i e w s  wi th  f i r e  v i c t i m s  conducted by l o c a l  p o l i c e  

o f f i c i a l s ,  i n  c o n n e c t io n  w i th  the a c t u a l  t h e a t e r  f i r e .  Facts  r e v e a le d  

concern ing  s p e c i f i c  occupants  1 a c t i o n  p a t t e r n s — as t h e s e  unfo lded  over  

t im e— were u s e f u l  as a b a s i s  fo r  a n a l y z in g  the  v a l i d i t y  of  s im u la te d

e v e n t s .  In g e n e r a l ,  data a t  so f i n e  a l e v e l  of d e t a i l  are  not  i n c lu d ed

i n  l a r g e - s c a l e  data b a s e s .

Research  Toward Expanding the  Range o f  A p p l i c a b i l i t y  o f  BFIRES

Future r e se a r c h  o r i e n t e d  toward improving BFIRES as a d es ign  a n a l ­

y s i s  d e v i c e  might c o n c e n t r a t e  on narrowing th e  l i m i t a t i o n s  governing

i t s  u s e ,  and to  br ing  i t s  u n d er ly in g  assumptions  more c l o s e l y  in  l i n e  

w ith  c o n d i t i o n s  l i k e l y  to  be found when a n a l y z in g  a c t u a l  e v e n t s .  In 

a very r e a l  s e n s e ,  t h e s e  g o a l s  w i l l  r e q u ire  r e t r a c i n g  a l l  the  s t e p s  

o f  m ode l ing ,  program deve lopment ,  and t e s t i n g  p r e s en te d  i n  Chapters 11 

and 111. S e v e r a l  d i r e c t i o n s  may be pursued.
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For example one may wish t o  s t a r t  with the  current  v e r s i o n  o f  

BFIRES, and add su b r o u t in es  des igned  to  s im u l a t e  phenomena not  

p r e v i o u s l y  i n c lu d e d ,  e . g . ,  (a )  th e  d i r e c t  exposure o f  occupants  to  f i r e  

pr o d u c t s ,  (b)  r e sc u e  a c t i v i t i e s  and h e l p in g  be hav ior ,  and ( c )  the  i n t r o ­

d u c t io n  o f  s ig n -b o r n  in form at ion  and o ther  forms o f  ve r b a l  and nonverbal  

communication.  Here,  the  s im u l a t i o n  d e s ig n e r  must f i r s t  d e s ig n  the  

ap p r o p r ia te  r o u t i n e s ,  c o o r d in a te  them with  the  e x i s t i n g  program, and 

then conduct v a l i d a t i o n  experiments  for  both i n t e r n a l  and e x t e r n a l  

t e s t s .  Given such expans ions  to  the  b a s i c  form o f  BFIRES, one should  

expect  the  new v e r s i o n  to  be capable of  r e p l i c a t i n g  a g r e a te r  v a r i e t y  

o f  h i s t o r i c a l  f i r e  e v e n t s ,  and to  be a p p l i c a b l e  under c o n s id e r a b l y  fewer  

l i m i t a t i o n s  or assum ptions .

As an a l t e r n a t i v e  to  b u i l d i n g  upon the  current  program, i n v e s t i g a ­

t o r s  may wish to  examine models which d i f f e r  fundamental ly  from tha t  

u n d er ly in g  BFIRES. For example,  a v a r i e t y  o f  models are p o s s i b l e  which 

emphasize s o c io - e n v ir o n m e n t a l  dynamics,  r a th er  than in form at ion  p r o c e s s ­

ing  and d e c is ion -m ak in g  per s e . Researchers  are only now beg inn ing  to  

c o n s id e r  the importance o f  communications p r o c e s s e s  and o bed ience  to  

a u t h o r i t y  in  the  b u i l d i n g  f i r e  c ontex t  (Canter,  et  a l . ,  1978; Edelman, 

e t  a l . ,  in  p r e s s ) .  In a d d i t i o n ,  i n v e s t i g a t o r s  have only  r e c e n t l y  become 

i n t e r e s t e d  in the impact of  r o l e  i d e n t i f i c a t i o n  by occupants ,  and in the  

e f f e c t s  of  i m p l i c i t  s o c i a l  r u l e s ,  upon behavior during f i r e  emergencies  

(Canter ,  in p r e s s ;  Gordon, 1978; Swartz,  1978) .  Surely each of  th e se  

components c o n t r i b u t e s  some p o r t io n  of  the t o t a l  v a r ia n c e  found in  

emergency e g r e s s  behav ior .
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Research Into New Questions About Human Behavior During Building Fires

An important advantage of  employing computer s im u l a t i o n s  i s  tha t  

th e  process  of  s e t t i n g  up a problem fo r  the  computer f o r c e s  the  i n v e s t i ­

gator  to  d e f i n e  the  s im ula ted  event in  s u f f i c i e n t  d e t a i l  e nab l in g  the  

computer not only  to  run, but to  y i e l d  meaningful  r e s u l t s  as w e l l .  As 

i l l u s t r a t e d  in  the prev iou s  s e c t i o n s  o f  t h i s  chapter ,  t h i s  i s  l i k e l y  to  

r e q u i r e  a v a r i e t y  of  assumptions about "what r e a l l y  happened" during  

some h i s t o r i c a l  event  ( o r ,  what might be expected to happen during some 

h y p o t h e t i c a l  f u t u r e  e v e n t ) ,  and about the a b i l i t y  of  the s im u la t io n  

program to i m i t a t e  important a s p e c t s  of  the a c t u a l  p r o c e s s .  Valuable  

bip r o d u c t s  of  t h i s  process  are the  new q u e s t io n s  for  research  which 

a r i s e  whenever i t  i s  i m p o s s i b l e — u s in g  a v a i l a b l e  knowledge— to v e r i f y  

such assumptions .  The l i s t  o f  such q u e s t io n s  i s  l engthy  and a few 

examples are o u t l i n e d  below.

When s e t t i n g  up input c o n d i t i o n s  for  a BFIRES experiment,  the user  

may determine whether a l l  occupants  s t a r t  out with  complete  knowledge o f  

e x i t  l o c a t i o n s ,  whether only c e r t a i n  occupants  begin  with such know­

le d g e ,  or whether none do at a l l .  When d e c id in g  how to  i n i t i a l i z e  t h i s  

part  of  the program, the experimenter  in  e f f e c t  makes c e r t a i n  assump­

t i o n s  about occupants '  i n i t i a l  f a m i l i a r i t y  with the  b u i l d i n g ' s  l a y o u t .  

Such f a m i l i a r i t y  may stem from long-term use  o f  the f a c i l i t y ,  or from 

such t r a i n i n g  d e v i c e s  as evacuat ion  d r i l l s  or l e c t u r e s .  BFIRES makes 

no d i s t i n c t i o n  as to  the  o r i g i n  of  e x i t  f a m i l i a r i t y ;  moreover,  i t  never  

a c t u a l l y  d e f i n e s  e x i t  l o c a t i o n  knowledge as " f a m i l i a r i t y  with the b u i l d ­

i n g ' s  l a you t" ,  per s e . These are assumptions made by th e  u s e r ,  in an 

attempt to  match s im ula ted  with r e a l - w o r ld  c o n d i t i o n s .  However, s i n c e
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exper im ents  u s in g  BFIRES s u g g e s t  t h a t  e x i t  l o c a t i o n  knowledge i n f l u e n c e s  

e g r e s s  be h a v io r ,  the importance o f  such knowledge i s  underscored ,  and 

our i n t e r e s t  i n  i t s  o r i g i n s  and nature  i s  i n c r e a s e d .

Two i n v e s t i g a t i o n s  have begun to e x p lo r e  the importance of  t r a i n i n g  

(Herz,  Edelman and Bickman, 1978) and v o c a l  a l e r t i n g  (Keating  and 

L o f t u s ,  197 7 ) ,  as  means fo r  impart in g  knowledge about where to  go ana 

what to  do during f i r e  em e r ge n c ie s .  These are r e p r e s e n t a t i v e  o f  the  

kinds  of  f i e l d  s t u d i e s  which cou ld  a s s i s t  the  d e s ig n e r s  and u s e r s  of  

s im u l a t i o n s  such as  BFIRES.

Herz, e t  a l .  ( 1 9 7 8 ) ,  conducted a s tudy  to  determine whether t r a i n ­

ing  a nurs ing  home s t a f f  e f f e c t i v e l y  augmented knowledge of  an emergency  

e g r e s s  p lan .  S t a f f  members were d i v id e d  i n t o  two groups:  (1 )  those  who

at tended  a t r a i n i n g  l e c t u r e  s e s s i o n ,  and ( 2 )  t h o s e  who aid n o t .  A l l  

s u b j e c t s  f i l l e d  out  q u e s t i o n n a i r e s  des ign ed  to  record t h e i r  p r e t r a i n i n g  

knowledge about emergency e g r e s s .  Some t ime a f t e r  t r a i n i n g ,  s u b j e c t s  

who a t te n d e d  the  l e c t u r e  s e s s i o n  f i l l e d  out  q u e s t i o n n a i r e s  d e s ig n ea  to  

determine the e f f e c t s  of  the t r a i n i n g  pro6ram. In g e n e r a l ,  the i n v e s t i ­

g a t o r s  found t h a t  the  t r a i n i n g  ad e q u a te ly  conveyed c e r t a i n  types of  

u s e f u l  in for m at ion  to  nurs ing  home s t a f f  members. In another  i n v e s t i g a ­

t i o n ,  Keating and L of tu s  (1977)  reviewed the use of  v o i c e  emergency 

a l e r t i n g  i n  nurs ing  homes, as t r a n s m i t t e d  v i a  e l e c t r o n i c  p u b l i c  address  

s y s te m s .  These r e s e a r c h e r s  recommended s p e c i f i c  g u i a e l i n e s  for  the  

development and deployment o f  i n s t r u c t i o n a l  m essages .

On the b a s i s  o f  f i n d i n g s  from such r e s e a r c h ,  the  BFlRLb user  might  

more a c c u r a t e l y  match s im u la te d  w i th  a c t u a l  s t a r t i n g  c o n d i t i o n s ,  in
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a d d i t i o n ,  i n v e s t i g a t i o n s  o f  th e  type  r e por ted  by t h e s e  r e s e a r c h e r s  

enab les  the s im u l a t i o n  d e s ig n e r  to  more a c c u r a t e l y  r e p l i c a t e  informa­

t i o n  g a t h e r i n g ,  t r a n s m i s s i o n ,  and p r o c e s s i n g .

Other examples i n v o l v e  the  n o t io n s  of  l e a d e r s h i p ,  s o c i a l  r o l e s ,  

and d i f f e r n e t i a l  c o g n i t i o n  during f i r e  em ergenc ie s .  Although BFIRES 

permits  c e r t a i n  kinds of  in form at ion  to "spread" among oc c upants ,  and 

a l lo w s  each i n d i v i d u a l  to  "change h i s  mind" under c e r t a i n  c o n d i t i o n s ,  

p o s i t i o n s  of  l e a d e r s h i p  and the obed ience  of  o th e rs  to a u t h o r i t y  are  

not  s p e c i f i c a l l y  s im u la te d .  S i m i l a r l y ,  BFIRES does not  s im u l a t e  d i f f e r ­

ences in  emergency c o g n i t i o n  among b u i l d in g  oc c upants .  But as with the  

pr e v iou s  examples,  the program's user  may be forced  to  o p e r a te  under 

c e r t a i n  assumptions regard ing  t h e s e  parameters  w h i l e  a t tem pt ing  to  

prepare  a r e a l - w o r ld  c a s e  for  computer s im u l a t i o n  a n a l y s i s .  Again,  as 

with the prev ious  examples,  r e c o g n i t i o n  of  t h e  p o t e n t i a l  i n f l u e n c e  of  

t h e s e  f a c t o r s  upon emergency e g r e s s  performance may lead the  i n v e s t i ­

ga tor  in  a number of  f r u i t f u l  re se ar c h  d i r e c t i o n s .  For i n s t a n c e ,  Canter  

( i n  p r e s s )  has begun to  c o n c e p t u a l i z e  the  r o l e  o f  s o c i a l  r u l e s  and 

s t r u c t u r e s  during f i r e  s i t u a t i o n s ,  w h i l e  Stah l  (1978)  has o u t l i n e d  an 

approach to s tu dy in g  the  d i f f e r e n t i a l  impact o f  on e ' s  p o s i t i o n  w i t h in  

an o r g a n i z a t i o n  upon emergency p e r c e p t i o n s  and be hav ior .

S i m i l a r l y ,  r e s u l t s  from exper iments  presen te d  in Chapter I I I  r a i s e  

numerous e m p ir ica l  q u e s t io n s  about the r o l e s  o f  f l o o r  plan c o n f ig u r a ­

t i o n ,  e x i t  l o c a t i o n  and number, a c c e s s i b i l i t y  of  e x i t s ,  occupants '  

p h y s i c a l  c a p a b i l i t i e s  with  r e s p e c t  to  m o b i l i t y ,  and other  parameters .  

However, very l i t t l e  of  t h i s  work has been undertaken t o  d a te .
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New P e r s p e c t i v e s  on Research i n  Re lated  S u b s ta n t i v e  Areas

Chapter I advanced th e  n o t i o n  th a t  our unders tanding  of  numerous 

d i s c r e t e  s u b s t a n t i v e  areas  could  be fur th e r e d  through t h e i r  s tudy  in  

c o n n e c t io n  with a s i n g l e ,  complex environmental  s e t t i n g .  During the  

c o u r s e  of  the  i n v e s t i g a t i o n ,  r e f e r e n c e s  were made to v a r io u s  psycho­

l o g i c a l  con c e p ts  and problems,  in order to s u g g e s t  ways in  which many 

o f  t h e s e  i n t e r a c t  during  b u i l d i n g  f i r e  e v e n t s .  Se ve r a l  such concepts  

were addressed  d i r e c t l y  in  c o n n e c t io n  with th e  form ula t ion  o f  a model 

o f  e g r e s s  be h a v io r ,  and during the  p r e s e n t a t i o n  o f  the  BFIRES computer 

s i m u l a t i o n  program ( e . g . ,  s t r e s s  and s t r e s s  a g e n t s ,  dec is ionm akin g ,  

in for m at ion  p e r c e p t i o n ,  emotiona l  and m o t i v a t i o n a l  c o n t r o l s  over  

b e h a v i o r ) .  Other concepts  were only i n d i r e c t l y  t r e a t e d  or impl ied  ( e . g . ,  

crowding,  pe r sona l  s p a c e ,  a n x i e t y ) ,  and some— though p o t e n t i a l l y  q u i t e  

r e l e v a n t  to  the  f i r e  problem— were not  d e a l t  with at  a l l  ( s e x  d i f f e r ­

e n c e s ,  in for m at ion  o v e r lo a d ,  s h o r t -  versus  lo ng- term  memory, a l t r u i s m ) .

Research in  such areas  w i l l  l i k e l y  c o n t r i b u t e  some proport ion  of  

our o v e r a l l  understanding  o f  b u i l d in g  f i r e s .  In turn,  t h e i r  s tudy  in  

th e  f i r e  c o n te x t  should i n c r e a s e  knowledge w i t h i n  s p e c i f i c  re search  

a r e a s .  This  i s  p o s s i b l e  because  b u i l d i n g  f i r e s  prov ide  a unique and 

untapped n a t u r a l i s t i c  s e t t i n g  for  p s y c h o l o g i c a l  re se ar c h :  environmental

trauma of  ex trem ely  shor t  durat ion  ( u s u a l l y  on th e  order  of  m in u t e s ) .  

Thus, the study o f  occupant behav ior  during f i r e s  o f f e r s  important  

o p p o r t u n i t i e s  for  the i n v e s t i g a t i o n  of  concepts  p r e v i o u s l y  s t u d ie d  in  

c o n n e c t io n  wi th  lo ng- term  or ongoing e v e n t s ,  or with regard t o  long-term
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human development ( e . g . ,  s t r e s s  i n  r e l a t i o n  t o  i l l n e s s ,  cr im e,  employ­

ment; in fo r m a t io n  over load  r e s u l t i n g  from high d e n s i t y  or v i s u a l l y  

c o n f u s in g  environments;  s e x  d i f f e r e n c e s  in  c o n n e c t io n  w i th  p e r s o n a l i t y  

development ,  ta sk  performance,  e t c . ) .

REFLECTIONS ON THE USEFULNESS 

OF SIMULATION MODELING

The d i s s e r t a t i o n  e x p lored  p o s s i b i l i t i e s  fo r  d e v e lo p in g  ana u s i n g  

computer s i m u l a t i o n  models ,  p a r t i c u l a r l y  when s tu d y in g  human r e sp o n s es  

to  narrowly d e f in e d  environmental  c o n d i t i o n s  of  shor t  d u r a t io n .  Tests  

o f  BFIRES r e v e a l e d  t h a t ,  w i t h in  the l i m i t a t i o n s  d e t a i l e d  e a r l i e r  i n  

t h i s  c h a p t e r ,  s im u l a t i o n  e x e r c i s e s  may be u s e f u l  both as  t o o l s  for  

b u i l d i n g  d e s ig n  and r e g u l a t i o n ,  and as  a i d s  to  c o n s t r u c t i n g  and a n a l y ­

z in g  theory  i n  env ironmenta l  p syc h o logy .

A Tool  fo r  B u i ld in g  Design and R e gu la t ion

The most obvious  o p p o r t u n i t i e s  f o r  the  p r a c t i c a l  a p p l i c a t i o n  of  

s i m u l a t i o n s  such as  BFIRES d e r iv e  from t h e i r  use  as  b u i l d in g  d e s ig n  and 

r e g u l a t o r y  t o o l s .  The e s s e n t i a l  a s p e c t  of  the b u i l d i n g  d e s ig n  process  

i s  the f a c t  tha t  a l t e r n a t i v e  s o l u t i o n s  t o  problems are proposed and 

e v a l u a t e d  a t  almos t  a l l  l e v e l s ,  from l a r g e - s c a l e  s i t e  p lanning t o  the  

minute d e t a i l i n g  of  b u i l d i n g  hardware. To as g r e a t  an e x t e n t  as  pos­

s i b l e ,  the e v a l u a t i o n  of  d e s ig n  a l t e r n a t i v e s  i s  based on w e l l - d e v e l o p e d  

id e a s  about the c o s t s  and b e n e f i t s  of  each.  In many a r e a s  concern in g  

b u i l d i n g  u t i l i z a t i o n ,  however,  the a r c h i t e c t ' s  knowledge base  i s  far
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from com ple te .  In t h e s e  a r e a s ,  d es ign  d e c i s i o n s  are f r e q u e n t l y  made on 

the b a s i s  o f  expediency  or economic c o n s i d e r a t i o n s ,  or on the b a s i s  of  

knowledge from o t h e r — p o t e n t i a l l y  i r r e l e v a n t — d i s c i p l i n e s  for  which data  

in  q u a n t i t a t i v e  form are  r e a d i l y  a v a i l a b l e .  Des ign in g  for  l i f e  s a f e t y  

from f i r e  i s  an important example o f  such an area .  Here, the a r c h i t e c t  

t y p i c a l l y  t a i l o r s  var iou s  d e s ig n  d e c i s i o n s  to "meet" b u i l d in g  r e g u la t o r y  

p r e s c r i p t i o n s  ( c o d e s ) .  As a r e s u l t ,  d e s ig n  for  emergency egress  i s  

based on th e  p r i n c i p l e s  of  " t r a f f i c  eng ineer ing"  (as d i s c u s s e d  in  

Chapter I )  which are  t y p i c a l l y  w r i t t e n  i n t o  the a p p l i c a b l e  b u i l d in g  

c o d e s .  The d e s ig n e r  i s  r a r e l y  cha l lenged  to  ana lyze  s p e c i f i c  l i f e  

s a f e t y  needs w i th  regard to  the  p a r t i c u l a r  f a c i l i t y  under development,  

s i n c e  to  do so might r e s u l t  in  s o l u t i o n s  which are  d i f f i c u l t  to  i n t e r ­

pre t  in terms of  code p r e s c r i p t i o n s .

In many c a s e s ,  i t  i s  p o s s i b l e  for  the  a r c h i t e c t  to  a r r i v e  at  a 

number o f  a l t e r n a t i v e  s o l u t i o n s  to a given  l i f e  s a f e t y  problem. The 

q u e s t io n  of  which to s e l e c t  (and which should be encouraged by 

r e g u la t o r y  o f f i c i a l s )  might u s e f u l l y  be answered through the  u t i l i z a t i o n  

o f  computer s im u l a t i o n  t e c h n iq u e s .  For example,  d e s ig n e r s  and o f f i c i a l s  

could conduct  s im ula ted  f i r e s  in  b u i l d in g s  des igned to e x h i b i t  each 

a l t e r n a t i v e  approach ( n o t e  tha t  the  b u i l d in g s  are e va lu a te d  w h i l e  on 

paper ,  b e f o r e  c o n s t r u c t i o n  b e g i n s ) .  D i s t r i b u t i o n s  of  outcomes could be 

c o n s tr u c t e d  for  each a l t e r n a t i v e ,  and the  d i s t r i b u t i o n s  compared s t a t i s ­

t i c a l l y .  Where a p a r t i c u l a r  d e s ig n  c o n s i s t e n t l y  y i e l d e d  su p e r io r  eg r es s  

performance,  the d e s ig n  problem may be con s id er e d  s o l v e d .

This  s c e n a r i o  pre su p p ose s ,  however, that  the computer s im u l a t i o n  

program has been adequate ly  v a l i d a t e d  for  the b u i l d i n g  type  and occu­

pancy c o n d i t i o n s  i n  q u e s t i o n ,  and tha t  i t  has been accep ted  for  use
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by d e s ig n e r s  and l o c a l  b u i l d i n g  o f f i c i a l s .  C l e a r ly ,  BFIRES— in i t s  

c u rren t  c o n f i g u r a t i o n — i s  not advocated  for  such a p p l i c a t i o n s .  Future  

r ese ar c h  of  the type d i s c u s s e d  e a r l i e r  in  t h i s  Chapter i s  expected to  

move the  program in  t h i s  important d i r e c t i o n .

But even where a program such as BFIRES i s  not  accep ted  as an

" a r b i te r "  in  any o f f i c i a l  s e n s e ,  i t s  a p p l i c a t i o n  might s t i l l  be u s e f u l .  

For example,  t h e  L i f e  S a f e ty  Code ( N a t io n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n ,  

1973) s p e c i f i e s  that  where two means o f  e g r e s s  must be provided from a

b u i l d i n g  f l o o r ,  t h e s e  should be as remote ly  p o s i t i o n e d  from one another

as p o s s i b l e .  However, the document prov ides  the  a r c h i t e c t  with  

extremely  l i t t l e  gu idance in  determin ing  adequate degrees  o f  rem oteness .  

Again,  the d e s ig n e r  could run s im u l a t i o n s  for  s e v e r a l  d es ign  schemes,  

comparing r e s u l t s  from each.  While such e x e r c i s e s  might not  be 

d e f e n s i b l e  in  any l e g a l  or r e g u la t o r y  s e n s e ,  they may c o n t r i b u t e  i n f o r ­

m ally  to  the process  of  s e l e c t i n g  an a ppropr ia te  d e s ig n  a l t e r n a t i v e .

An Approach to Construc t ing  and Analyzing  

S u b s t a n t i v e  Theory in  Environmental  Psychology

As d i s c u s s e d  in  Chapter I ,  computer s im u l a t i o n s  prov ide  means 

for  ( 1) c o n c i s e l y  d e s c r i b i n g  complex r e l a t i o n s h i p s  among large  numbers 

o f  v a r i a b l e s ,  and (2)  d e s c r i b i n g  dynamic p r o c e s s e s  over t ime.  These  

requirements  are  h i g h l y  r e l e v a n t  to  environmental  p s y c h o l o g i s t s ,  whose 

o b j e c t i v e s  are u s u a l l y  to  understand the  nature  of  ongo ing,  n a t u r a l i s t i c  

person-env ironment s y s te m s .  U n fo r t u n a t e ly ,  the com plex i ty  of  such 

systems has s t i f l e d — r a th e r  than m arsh a l l ed — t h e o r e t i c a l  growth.
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The BFIRES e x e r c i s e  has shown t h a t ,  for  c e r t a i n  kinds of  problems,  

computer s im u l a t i o n  methodology y i e l d s  extremely  c o n c i s e  t h e o r e t i c a l  

s ta t e m e n t s :  computer programs ( c o n c i s e  for  the  very  reason t h a t  on ly

com p le te ,  f u l l y  c l o s e d  programs may be executed  on a computer) .  I t  has  

a l s o  demonstrated t h a t ,  s i n c e  computer programs may be executed  to 

s im u l a te  ongoing systems which undergo change over t ime,  experiments  

w ith  the  programs are d i r e c t  t e s t s  o f  the  t h e o r e t i c a l  s t r u c t u r e s  upon 

which they ar e  based .  These t e s t s  w i l l  u l t i m a t e l y  s u g g e s t  to  r e s e a r c h ­

ers  the  importance of  c e r t a i n  v a r i a b l e s ,  and of  the l in k a g e s  between  

them. Moreover, s im u l a t i o n  e x e r c i s e s  w i l l  d i r e c t  r e se a r c h e r s  to i n v e s t i ­

g a t e  t h o s e  v a r i a b l e s  and r e l a t i o n s h i p s  which seem to c o n t r i b u t e  to  the  

o v e r a l l  v a r ia n c e  in  the  data ( i n  the  case  of  BFIRES, occupants '  emer­

gency e g r e s s  b e h a v i o r ) .  Other problems o f  i n t e r e s t  to  environmental  

p s y c h o l o g i s t s  may be amenable to  examinat ion v i a  computer s im u l a t i o n  

methodology .  These i n c l u d e — but are not  l i m i t e d  t o — th e  study of  s m a l l -  

s c a l e  urban crime s c e n a r i o s ,  i n t e r i o r  space  usage  p a t t e r n s  (and concom-  

m itant  d e s i g n ) ,  the  use  o f  park and o ther  outdoor a m e n i t i e s ,  and 

nonemergency p e d e s t r i a n  behavior  ( e . g . ,  with regard to  the  d es ign  of  

commercial  f a c i l i t i e s ) .  The expansion  of  computer s im u la t io n  methodo l­

ogy i n t o  such domains i s  expected  to  g r e a t l y  i n c r e a s e  a c t i v i t y  toward 

the  development o f  grounded s u b s t a n t i v e  t h e o r i e s  about p a r t i c u l a r  

person-env ironment sy s tem s .
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Appendix A

CALIBRATION OF THE 

COMPUTER SIMULATION PROGRAM

INTRODUCTION

The BFIRES s im u l a t i o n  program produces tabu lar  output in var iou s  

forms. By a n a ly z in g  t h i s  output ,  the  user  can draw i n f e r e n c e s  about  

b u i l d i n g  f i r e  e v e n t s .  The a c t u a l  output  i t s e l f ,  o f  cou r se ,  p o s s e s s e s  

none of  the  p h y s i c a l  c h a r a c t e r i s t i c s  o f  a f i r e  event;  i t  i s  merely a 

symbolic  r e p r e s e n t a t i o n .  The degree  t o  which the  computer output  

r e p r e s e n t s  a r e a l - w o r ld  event  i s  an important and complex problem,  

i n v o l v i n g  the " e x te r n a l  v a l i d i t y "  o f  th e  s i m u l a t i o n .  Here, however,  

f a c t o r s  which i n f l u e n c e  t h i s  degree of  r e p r e s e n t a t i o n  are c o n s id er e d .  

In p a r t i c u l a r ,  t h e re  are two f a c t o r s  which l a r g e l y  determine the s i m i ­

l a r i t y  between s im ula ted  events  and t h e i r  r e a l - w o r ld  r e f e r e n t s :  ( 1)

t h e  c o r r e c t n e s s  o f  the  s im u l a t i o n  model,  and ( 2 ) th e  deployment and 

a p p l i c a t i o n  of  the  model to  a g iven  case  s tu dy .

Even a f t e r  a n a ly z in g  BFIRES o utput ,  the user  may f in d  r e l a t i v e l y  

few s i m i l a r i t i e s  between s im ula ted  and r e a l - w o r ld  e v e n t s .  When t h i s  

o c c u r s ,  must the  user  conclude  immediately that  BFIRES embodies an 

erroneous c o n c e p t u a l i z a t i o n  of  emergency eg r es s  behavior? Not n e c e s ­

s a r i l y .  Perhaps the  program was only  i n c o r r e c t l y  "tuned",  or f i t t e d ,  

to  the  r e a l - w o r ld  c a se  under s tu d y .  For example,  s im ula ted  occupants  

may have been improperly lo c a t e d  on the  f l o o r ,  or t h e i r  knowledge of  

e x i t  l o c a t i o n s  may have been i n c o r r e c t l y  assumed, with r e s p e c t  to
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a c t u a l  l o c a t i o n s  and s t a t e s  of  knowledge in  the  a n t i c i p a t e d  or h i s t o r ­

i c a l  r e a l - w o r ld  e v e n t .  In such c a s e s  where th e  s im u l a t i o n  i s  improperly  

d ep loyed ,  computer output  may be q u i t e  m is l e a d in g  ( i . e . ,  the output may 

r e p r e s e n t  some r e a l  event  o th e r  than the one a c t u a l l y  i n t e n d e d ) .

BFIRES c o n s t r u c t s  a complex network of  i n t e r r e l a t e d  v a r i a b l e s ,  or 

parameters .  Some of  t h e s e  are  computed, v a r i e d ,  or f i x e d  i n t e r n a l l y ,  

and are thus o u t s i d e  the  u s e r ' s  immediate c o n t r o l .  Values o f  t h e se  

parameters  r e l a t e  d i r e c t l y  to  the  " c o r re c tn es s "  of  the und er ly in g  

model:  i n c o r r e c t  parameters d e t r a c t  from the  mode l 's  c o r r e c t n e s s .  The

v a l u e s  of  o ther  parameters ,  however,  are chosen and input by the u s e r ,  

i n  an attempt to  match s im ula ted  c o n d i t i o n s  to  th o s e  expected  during  

a r e a l - w o r ld  c a se  (or  to  th o s e  a c t u a l l y  known to have occurred,  as in  

the  c a s e  of  h i s t o r i c a l  r e p l i c a t i o n s ) .  This  pr oc e ss  of  a l i g n i n g  program 

parameters  with t h o s e  d e s c r i b i n g  the  a c t u a l  event  i s  r e f e r r e d  to  here  

as c a l i b r a t i o n .

C a l i b r a t i o n  and e x t e r n a l  v a l i d i t y  are c l o s e l y  r e l a t e d .  When the  

user  compares s im ula ted  with r e a l - w o r ld  data and f i n d s  some degree  of  

v a r ia n c e  between the two s e t s ,  he w i l l  attempt to  a d ju s t  input  para­

meters  u n t i l  a minimum v a r ia n ce  i s  a c h i e v e d .  I f  the  v a r ia n ce  i s  s t i l l  

unacceptab ly  h igh ,  or i f  low v a r ia n c e  could only be ach ieved  at  the  

expense  o f  employing o b v i o u s ly  u n r e a l i s t i c  parameter v a lu e s  or f a l s e  

assum ptions ,  then the  user  may be j u s t i f i e d  in c onc lu d in g  tha t  the  

model under ly in g  the  s im u l a t i o n  program i s  in a p p r o p r i a te  to  the  case  

under s t u d y .

The o b j e c t i v e  o f  t h i s  appendix i s  t o  in tr o d u ce  th e  user  to  

parameters  handeled w i t h i n  BFIRES, so t h a t  the  program's range of  

a p p l i c a t i o n  w i l l  be b e t t e r  understood.  There are  t h r e e  c l a s s e s  of

150



parameters  with which th e  u s e r  must become f a m i l i a r :  ( 1) i n t e r n a l

c o n s t a n t s ;  ( 2 )  i n t e r n a l  dynamic p r o c e s s e s ;  and ( 3 )  u s e r - s u p p l i e d  v a r i ­

a b l e  v a l u e s .

INTERNAL CONSTANTS

Consensus Exi t  o f  Choice

Subroutines  GROUP, OTHERS, and AGREE ( r e f e r  to  Appendix B) 

e s t a b l i s h  for  g iven  occupants  the  s o c i a l  environment through which they  

ga th e r  c e r t a i n  in form at ion  n e c e ss a r y  for  making e g r e s s  movement d e c i ­

s i o n s .  An important example i n v o l v e s  the  s i t u a t i o n  i n  which s e v e r a l  

occupants  i n h a b i t i n g  a space  have d i f f e r e n t  op in ion s  about the  b e s t  

e x i t  from tha t  space .  The model embodied w i t h in  t h i s  segment of  BFIRES 

s u g g e s t s  th a t :  ( 1) whenever a l l  such occupants  hold the  same o p in io n ,

the  c h o ic e  of  e x i t  i s  c l e a r - c u t ;  but ( 2 ) where a d i f f e r e n c e  of  op in ion  

e x i s t s ,  a consensus w i l l  have the  e f f e c t  o f  winning a l l  occupants  over  

to  the  m a jor i ty  v iew .  But j u s t  how should  "consensus" be d e f in e d :

51% o f  a l l  occupants  in  the space? Or 67%? The l i t e r a t u r e  on human 

behav ior  in  f i r e s  prov ides  no gu idance .  For p r a c t i c a l  purposes ,  how­

e v e r ,  the  c u t - o f f  l i n e  was drawn at  60%. I f  60% (or  more) o f  the  

occupants  i n h a b i t i n g  a space  favor  a p a r t i c u l a r  e x i t  from tha t  space ,  

they w i l l  "convince" the  remaining occupants  o f  the  q u a l i t y  o f  t h e i r  

o p i n i o n ,  and a l l  w i l l  seek  t h a t  e x i t .

P e n a l ty  Thresholds

Subrout ine  EVAL20 s im u la te s  occupants '  e v a l u a t i o n  o f  t h e i r  current  

" s a f e t y  s t a t u s "  by comparing t h e i r  e g r e s s  progress  to  date  a g a i n s t  the
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t o t a l  e la p se d  t ime they have spent  in  t h e  danger zone .  When e v a lu a t i n g  

t h e i r  s t a t u s  with r e s p e c t  to  the  e g r e s s  g o a l ,  they seek  to a s c e r t a i n  

th a t  the  d i s t a n c e  s e p a r a t i n g  them se lv es  from th e  go a l  i s  not  so  great  

as to  prec lud e  t h e i r  r e ach ing  i t  b e f o r e  the  c r i t i c a l  t ime i s  reached  

( t h e  po in t  at  which l i f e  support  becomes u n t e n a b l e ) .  S i m i l a r l y ,  when 

e v a lu a t i n g  t h e i r  s t a t u s  with r e s p e c t  to  the  l o c a t i o n  of  the  f i r e ,  they  

seek to  a s c e r t a i n  t h a t  the  d i s t a n c e  between them se lves  and the f i r e  i s  

s u f f i c i e n t l y  l a r g e  to  permit  e scape  p r i o r  to th e  c r i t i c a l  t im e .

BFIRES e s t a b l i s h e s  th r e s h o ld s  with r e s p e c t  to  both th r e a t  evas ion  

and e x i t  goa l  s e e k i n g .  These are  th e  c r i t e r i a  a g a i n s t  which occupants  

make e v a l u a t i o n s .  For example,  i f  an occupant i s  f a r t h e r  from the  

e x i t  than p e r m i s s i b l e  at  t ime t ,  EVAL20 w i l l  re turn  a n e g a t i v e  s t a t u s  

e v a l u a t i o n .  This w i l l  a l s o  occur i f  th e  occupant i s  c l o s e r  t o  the  f i r e  

than p e r m i s s i b l e  at  t ime t .

As the  s im u l a t i o n  p r o g r e s s e s ,  the c r i t e r i a  become more d i f f i c u l t  

to  s a t i s f y ,  s i n c e  the  c r i t i c a l  t ime i s  c o n t i n u a l l y  be ing  approached.  

A c c o r d in g ly ,  the p e n a l ty  th r e s h o ld s  may be viewed as e quat ions  of  l i n e s  

which are f u n c t i o n s  of  d i s t a n c e  and t im e .  On the  p r a c t i c a l  assumption  

tha t  such f u n c t i o n s  are l i n e a r ,  the s l o p e  and i n t e r c e p t  o f  t h e s e  l i n e s  

must be e s t a b l i s h e d .  BFIRES assumes an i n t e r c e p t  o f  0 , and a s lo p e  of  

1.0  for  the c a s e  o f  t h r e a t  p e n a l t y ,  and an i n t e r c e p t  equal  to  the c r i ­

t i c a l  t im e ,  with a s lo p e  of  -1  for  the  g o a l - s e e k i n g  p e n a l ty  t hr esho ld  

( s e e  F igure  A . l ) .

The consensus  and th r es h o ld  c o n s ta n t s  may not be manipulated at  

program e x e c u t i o n  t im e .  The user  may wish to  a l t e r  t h e i r  v a l u e s ,  

however, to  r e f l e c t  new em p ir i ca l  f in d in g s  or to  s u i t  s p e c i a l  condi ­

t i o n s .  This  w i l l  r e q u i r e  m o d i f i c a t i o n s  to the  program source  code.
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Should a p a r t i c u l a r  a p p l i c a t i o n  o f  the  program n e c e s s i t a t e  frequent  

v a r i a t i o n  to  t h e s e  v a l u e s ,  the  u s e r  may wish to e s t a b l i s h  them as input  

param eters .

INTERNAL DYNAMIC PROCESSES

Certa in  v a r i a b l e s  take on new v a lu e s  at  the  s t a r t  o f  each t ime  

frame. However, t h e s e  are determined e n t i r e l y  by i n t e r n a l  p r o c e s s e s ,  

and are o u t s i d e  the  u s e r ' s  immediate c o n t r o l .  The most obvious  example  

i n v o l v e s  the computation of  v a lu e s  of  P (K ) , the  p r o b a b i l i t y  that  an 

occupant w i l l ,  during a g iven  t ime frame, s e l e c t  some move a l t e r n a t i v e ,  

K. The a c tu a l  v a lu e s  of  P(K) are  computed w i t h i n  subrout in es  EQUALZ, 

TBIAS, EBIAS, ASSIGN, or D00RS1, depending upon the  b i a s in g  mode 

s e l e c t e d  during e x e c u t i o n  of  sub r ou t in e  ASSIGN and the  door -opening  

behavior  generated by su b r o u t in e  D00RS1.

To d a t e ,  i t  has not been p o s s i b l e  to  c a l i b r a t e  computed v a lu e s  of  

P(K) a g a i n s t  data from a c t u a l  f i r e  s i t u a t i o n s ,  s i n c e  no data e x i s t  to  

d e s c r i b e  emergency dec is ion -m aking  p r o c e s s e s  at  so  f i n e  a l e v e l  of  

d e t a i l .  As new data become a v a i l a b l e ,  however, the  user  may wish to  

i n c o r p o r a t e  new hypotheses  about d e c i s i o n  b i a s i n g  or p r o b a b i l i t y  va lue  

computation.  This  w i l l  r e q u ire  modify ing  the program source  code .

USER SUPPLIED VARIABLE VALUES

Parameters  d e s c r i b i n g  most of  the important i n i t i a l  c o n d i t i o n s  

are determined by the  u s e r ,  and are input  at  program e x e cu t io n  t ime.
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There are four broad c a t e g o r i e s  o f  input parameters:  (1 )  f i r e

d e s c r i p t o r s ;  ( 2 )  occupant d e s c r i p t o r s ;  (3 )  b u i l d in g  d e s c r i p t o r s ;  and 

(4)  system d e s c r i p t o r s .

F ir e  D e s c r ip t o r s

The current v e r s i o n  o f  BFIRES permits  the  use r  to  d e f i n e  only the  

i n i t i a l  s p a t i a l  l o c a t i o n  of  the  f i r e  t h r e a t  ( in put  v a r i a b l e s  XT and 

YT). S ince  BFIRES does not  s im u l a te  any form o f  th r e a t  m ig r a t io n ,  the  

i n i t i a l  l o c a t i o n  s p e c i f i e d  by th e  u s e r  w i l l  remain c o n s ta n t  throughout  

any s im u la t io n  run. This f a c t o r  may, however,  be used as the  b a s i s  for  

a number of  r e a l i s t i c — and important— f i r e  c a s e s ,  e . g . :  ( 1 ) s im ula ­

t i o n  o f  e g r e s s  from a p a r t i c u l a r  compartment, w h i l e  f i r e  and smoke are  

conf ined  to  another  compartment e l s ew h ere  on the  same f l o o r ;  ( 2 ) s imu­

l a t i o n  o f  e g r e s s  from one f l o o r  w h i l e  f i r e  and smoke are conf in ed  to 

another f l o o r  e ls ewhere  w i t h in  th e  b u i l d i n g ;  and ( 3 )  s im u l a t i o n  of  

e g r e s s  during a f i r e  d r i l l ,  in which one e x i t  has been blocked due to  

"mock f i r e "  c o n d i t i o n s .

When s p e c i f y i n g  the  i n i t i a l  l o c a t i o n  o f  the t h r e a t ,  the  user  in  

e f f e c t  b locks  o f f  one of  the  a v a i l a b l e  e x i t s  from the  f l o o r ,  and thus  

assumes tha t  the  f i r e  (o cc u r r in g  o u t s i d e  the immediate zone o f  i n t e r e s t )  

has e f f e c t i v e l y  rendered t h a t  e x i t  n o n - u s e a b l e .  When u s i n g  BFIRES to  

t e s t  e g r e s s  t ime requirements  from f l o o r  p la n s ,  the u ser  may e s t a b l i s h  

e x i t s  wherever d e s i r e d ,  and run s i m u l a t i o n s  for  any b lo c k in g  c o n d i t i o n s  

( i . e . ,  th r e a t  l o c a t i o n )  chosen.
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Occupant Descriptors

The model s u g g e s t s  tha t  a v a r i e t y  o f  f a c t o r s  may i n t e r a c t  to  

p r e d i sp o se  occupants  to  respond in  c e r t a i n  ways to the  emergency 

environment.  P r i n c i p a l  f a c t o r s  in c lu d e :  (1 )  th e  number of  occupants

invo lved  in  a g iven  f i r e  e v e n t ;  ( 2 ) the  i n i t i a l  s p a t i a l  l o c a t i o n  of  

each; (3 )  th e  t o l e r a n c e  o f  each occupant to  i n t e r r u p t i o n s  to g o a l -  

s e ek in g  be h av ior ;  (4 )  each i n d i v i d u a l ' s  i n i t i a l  s t a t e  of  knowledge con­

c e rn in g  the  l o c a t i o n  o f  s a f e  and th rea tened  e x i t s ;  (5 )  each occupant ' s  

i n i t i a l  m o b i l i t y  s t a t u s ;  and ( 6 ) each o c c u p a n t ' s  p r e d i s p o s i t i o n  toward 

opening and c l o s i n g  doors encountered along th e  e g r e s s  r o u t e .

When preparing  a g iv en  BFIRES s im u l a t i o n  run, the  user  must 

determine  va lu e s  for  each o f  t h e s e  parameters .  The user  w ish in g  to  

s im u la te  a h y p o t h e t i c a l  f i r e  in  an a c t u a l  f a c i l i t y  must be c a r e f u l  to  

e s t i m a t e  the l i k e l y  s p a t i a l  p o s i t i o n s  o f  occupants ,  as w e l l  as c a l i ­

b r a t e  each on the  va r io u s  parameters enumerated above.  S p a t i a l  l o c a ­

t i o n s  may o f t e n  be e s t im ate d  on the b a s i s  of  in form ation  known about  

the  b u i l d in g  (or b u i l d i n g  type)  under s tudy  ( e . g . ,  work s t a t i o n s ,  

r e l a t i v e  l o c a t i o n s  o f  beds and f u r n i s h i n g s ,  e t c . ) .

I t  should a l s o  be p o s s i b l e  to  e s t im a t e  v a lu e s  for  o ther  occupant  

param eters .  P r e d i s p o s i t i o n s  toward opening and c l o s i n g  doors are  

input  in  the form of  p r o b a b i l i t y  v a l u e s :  the  v a r i a b l e  POPEN s p e c i ­

f i e s  the p r o b a b i l i t y  t h a t  occupants  w i l l  open c l o s e d  doors they  

c o n fro n t ;  PCLOSE s p e c i f i e s  the p r o b a b i l i t y  tha t  occupants  c l o s e  

(manual type)  doors they have j u s t  passed through.  The user  might  

wish to e v a lu a te  v a r i a t i o n  in door-m anipula t io n  behavior  e x h i b i t e d  by 

occupants  o p e r a t in g  under d i f f e r e n t  t r a i n i n g  p h i l o s o p h i e s .  Severa l
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BFIRES runs may be conducted fo r  each o f  s e v e r a l  v a lu e s  of  PCLOSE 

and POPEN, and the vary in g  e f f e c t s  ( i f  any) of  door m anip ula t ion  

upon e g r e s s  t im e ,  e t c . , can be s t u d i e d .

S i m i l a r l y ,  the  m o b i l i t y  s t a t u s  of  oc c upants ,  and the  e x i t  know­

led ge  o f  each,  should  be e s t im a b le  from p r i o r  knowledge o f  a b u i l d in g  

t y p e .  Other parameters ,  however, such as i n t e r r u p t i o n  t o l e r a n c e ,  may 

not be e s t im ated  on the  b a s i s  o f  e x i s t i n g  data from b u i l d i n g  f i r e  c a s e s .

B u i ld in g  D e s c r ip t o r s

BFIRES c o n s t r u c t s  b u i l d i n g  f l o o r  plans  on a tw o-d im ens ional  plane  

by l a y in g  w a l l s  out as or th ogona l  v e c t o r s  on an x , y  g r i d .  Doorways 

are re p r ese n te d  as breaks in  w a l l  l i n e s .  Such openings  may or may not  

have door pane ls  i n s t a l l e d  w i t h in  them. When doors are  p r e s e n t ,  they  

may be e i t h e r  manually -  or a u t o m a t i c a l l y - c l o s i n g .  The use r  i s  f r e e  

(w i th i n  c e r t a i n  l i m i t a t i o n s )  to  e n ter  i n t o  the  computer a f l o o r  plan  

o f  almost any c o n f i g u r a t i o n .  This i s  accompli shed by readin g  in  the  

x ,y  c o o r d in a te s  of  p o i n t s  d e f i n i n g  w a l l s  and d oor s .  The p r i n c i p a l  

l i m i t a t i o n  i s  that  a l l  w a l l s  must l i e  along or thogona l  v e c t o r s  ( i . e . ,  

they  must be p a r a l l e l  to  e i t h e r  the  x or the  y a x i s ) .  A c c o r d in g ly ,  

angular  or c u r v e l i n e a r  w a l l s  must be entered  as "s teps"  ( s e e  Figure A .2 ) .

The s e v e r i t y  of  t h i s  "steep ing"  c o n d i t i o n  i s  reduced as the s i z e  

o f  the  x , y  g r id  u n i t s  d e c r e a s e s .  But t h i s  a d d i t i o n a l  s e n s i t i v i t y  comes 

at  the c o s t  of  i n c r e a s e d  computer memory requ irem en ts .  For example,  

a f l o o r  plan l a i d  out  on a 10 x 10 g r id  r e q u ir e s  s to r a g e  for  no more 

than 100 p o i n t s  ( w a l l ,  door ,  and p e r s o n -o c c u p y ia b le  l o c a t i o n  i d e n t i ­

f i e r s ) .  A much more s e n s i t i v e  s im u la t io n  could  be ach ieved  i f  the  

same plan i s  l a i d  out on,  s a y ,  a 100 x 100 gr id  ( e . g . ,  much f i n e r
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C u r v e l in e a r  element

Orthogonal  e lement
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105 - i

104

103-

102

101

100

99

97

BF x,y.  Grid
95 -

CO
CO

r-H
CO

CM
CO

oo
CO CO

O  rH CO

X

F igure  A . 2 T r a n s l a t i n g  Orthogona l ,  C u r v e l in e a r ,  and Angular Wall  
Elements  i n t o  BFIRES-readable Form
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changes in  occupants '  increm en ta l  movement w i l l  be generated  with  

each p a s s in g  t ime frame).  However, t h i s  arrangement would r e q u i r e  

s to r a g e  for  10 ,000  p o i n t s ,  a 100- f o l d  i n c r e a s e .

The use r  i s  f r e e  to  use  any s i z e  gr id  f e l t  to  be a p p r o p r ia te ,  con­

s i d e r i n g  the  degree  o f  s e n s i t i v i t y  d e s i r e d ,  and the  amount o f  computer 

memory a v a i l a b l e .  Once a gr id  has been l a i d  over the  f l o o r  plan (which 

must be " i d e a l i z e d "  t o  meet the  or thogona l  v e c t o r  c r i t e r i o n ) ,  wal l  

d e s ig n a t o r  p o i n t s  are  entered  through in put  v a r i a b l e  IBAR ( I S , I , J ) .  

Inform at ion  concern in g  door l o c a t i o n ,  o p e r a t in g  t y p e ,  and i n i t i a l  

p o s i t i o n  (open or c l o s e d )  i s  entered  v i a  input v a r i a b l e  I D 0 0 R (I ,J ) .

Of c ou r se ,  the user  can vary the  l o c a t i o n  o f  w a l l s  and doors ( i . e . ,  

a l t e r  the  f l o o r  plan)  between s im u l a t i o n  runs,  and thereby study  

v a r i a t i o n s  in  e g r e s s  phenomena r e l a t i n g  to such environmental  f a c t o r s .

System D e s c r ip t o r s

S e v e r a l  input parameters are a v a i l a b l e  which permit  the  user  to  

e s t a b l i s h  system-w ide  r u l e s .  The number of  r e p l i c a t i o n s  of  a g iven  

s im u l a t i o n  i s  s p e c i f i e d  by NUMREP. I f  NUMREP i s  p r e s e t  to  "5", for  

example,  th e  computer w i l l  g e n e r a te  f i v e  c o m p le te ly  independent events  

which are i d e n t i c a l  in  a l l  r e s p e c t s — except  for  the outcomes o f  

s t o c h a s t i c  p r o c e s s e s .

The user  must a l s o  p r e s e t  the  d e s i r e d  l en g th  o f  each r e p l i c a t i o n .  

TOTIME s p e c i f i e s  the  number of  t ime frames a g iven  s im u l a t i o n  i s  to  

move through.  When comparing s im u l a t i o n  outcomes w i th  r e a l - w o r ld  

e v e n t s ,  i t  i s  n e c e s s a r y  to convert  t ime frames to r e a l  t ime u n i t s  

( s e c o n d s ) .  Table A . l  i l l u s t a t e s  such c o n v e r s io n s  for  s e v e r a l  t y p i c a l  

s i t u a t i o n s .  When u s in g  t h i s  t a b l e ,  th e  exper imenter  must: (1 )  make
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Table A . l  Time Frame— Real  Time C on vers ions ,  For Three Values  of  
Walking Speed

MEAN WALKING SPEED (V)

4 f t / s  
( 1 .22  m/s)

4 . 5  f t / s  
( 1 . 3 7  m/s)

5 f t / s  
( 1 . 5 3  m/s)

§  3 .0 2  f t  
x  ( 0 . 9 2  m)
H
r n

TF=0.7 6 s 

TF/min=79*

TF=0.67 s 

TF/min=90

TF=0.60  s 

TF/min=100

W
|J 6 .0 4  f t  

( 1 . 8 4  m)
H
r n

TF=1.51 s 

TF/min=40

TF=1.34 s 

TF/min=45

TF=1.21 s 

TF/min=50

|  12 .07  f t  
^  ( 3 . 6 8  m)

TF=3.02 s 

TF/min=20

TF=2.68 s 

TF/min=23

TF=2.41 s 

TF/min=25

1m
V = —  ( 6)

s

1 + ^
D = ^ (7)

D
TF = -  ( 8)

V

where:

l m = mean s t e p  l e n g t h  

1 = or th ogona l  s t e p  l e n g t h

1  ̂ * d ia g o n a l  s t e p  l e n g th  

TF = t ime frame in  " r e a l  time" seconds  

* t ime frames per second,  rounded to  th e  ne x t  h igh e r  frame
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an assumption about the mean walk ing speed o f  a l l  occupants  in  the  

e v e n t ,  and ( 2 ) u s e  a mean s t e p  l en gth  which conforms to  th e  gr id  s i z e  

which has been superimposed over the f l o o r  p lan .  For example,  assuming 

a mean walk ing speed o f  4 . 5  f e e t  per second ( 1 . 3 7  m / s ) ,  and a mean 

s t e p  len gth  o f  3 .0 2  f e e t  (0 .92m ) ,  then a s i n g l e  t ime frame w i l l  equal  

about 0 .67  s e con ds ,  and i t  w i l l  r e q u ire  about 90 t ime frames to  simu­

l a t e  one minute o f  r e a l  t ime.  Figure  A . 3 prov ides  a c onven ien t  graphic  

c o n v e r s io n  ch ar t ,  and Figure  A .4 i l l u s t r a t e s  i t s  use  in  c o n v e r t in g  

e i t h e r  from time frames to  seconds (how many seconds s im ulated  by a 

run of  predetermined l e n g t h ) ,  or from seconds  to t ime frames (how 

long  a s im u l a t i o n  must be run in  order to  r e p r ese n t  a d e s i r e d  per iod  

of  r e a l  t i m e ) .

"Step length" i s  not  meant to  imply walking s t r i d e . I t  merely  

r e f e r s  to  the  mean d i s t a n c e  between p e r s o n -o c c u p i a b l e  gr id  l o c a t i o n s .  

The user  can c a l i b r a t e  the  x , y  gr id  to a s sure  that  s t e p  length  i s  

s i m i l a r  to  mean walking s t r i d e ,  but aga in ,  t h i s  may r e q u ire  large  

e x p e d i tu r e s  in  terms o f  computer memory.

Another sys tem-wide  parameter p r e s e t  for  a g iven  s im u l a t i o n  run 

i s  the  crowding f a c t o r ,  or p e r m i s s ib l e  occupant d e n s i t y  which i s  input  

v i a  v a r i a b l e  IALLOW. IALLOW s p e c i f i e s  the maximum number of  occupants  

perm it ted  to in h a b i t  any p e r s o n -o c c u p ia b le  l o c a t i o n  during a s i n g l e  

t ime frame. The v a lu e  o f  IALLOW can e a s i l y  be converted  to a measure 

o f  maximum a l lo w a b le  d e n s i t y ,  in terms of  persons per u n i t  area ,  as 

f o l l o w s :
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where:

D = maximum a l l o w a b l e  d e n s i t y  m J

I = IALLOW

A = area o f  gr id  square ,  in  f e e t  or meters

F i n a l l y ,  the  user  must predetermine  the  l i k e l i h o o d  tha t  occupants  

w i l l ,  during the s im u la te d  e v e n t ,  e x p e r ie n c e  a "backtrack" i n t e r r u p t i o n ,  

a "r e m a in - in -p la c e"  i n t e r r u p t i o n ,  or no i n t e r r u p t i o n  at  a l l  ( d e t a i l e d  

in  Appendix B, under d i s c u s s i o n s  o f  Subroutines  INTRPT and BACKUP).

The p r o b a b i l i t y  of  a backtrack  i n t e r r u p t i o n  i s  input  v i a  v a r i a b l e  PI2,  

and that  o f  e x p e r i e n c in g  no i n t e r r u p t i o n  i s  input through v a r i a b l e  PI0.  

The p r o b a b i l i t y  of  e x p e r i e n c in g  a r e m a i n - i n - p l a c e  i n t e r r u p t i o n  i s  

computer i n t e r n a l l y  as the  d i f f e r e n c e  between P12 and P10.

SUMMARY

Appendix A d e a l t  with the  c a l i b r a t i o n  o f  the  BFIRES s im u l a t i o n  

program. A v a r i e t y  of  parameters  were c o n s id e r e d ,  and p a r t i c u l a r  a t t e n ­

t i o n  was paid to  the  problem o f  a l i g n i n g  t h e s e  w i th  parameters which 

d e s c r i b e  r e a l - w o r l d  f i r e  e v e n t s .  Three broad c a t e g o r i e s  of  parameters  

were d i s c u s s e d :  Values of  i n t e r n a l  c o n s t a n t s  and i n t e r n a l  dynamic

p r o c e s s e s  are e i t h e r  w r i t t e n  i n t o ,  or are  de termined,  by BFIRES, and 

are  t h e r e f o r e  o u t s i d e  the  u s e r ' s  d i r e c t  c o n t r o l .  Important parameters  

which d e s c r i b e  the  f i r e ,  the  occupants ,  the b u i l d i n g ,  and other  a s p e c t s  

o f  the  s im u l a t i o n  event are  user  s u p p l i e d  at  e x e c u t io n  t ime.
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Appendix B

RATIONALE AND THEORETICAL ELEMENTS 

UNDERLYING "BFIRES" SUBROUTINES

In t r o d u c t io n

In t h i s  Appendix,  the r a t i o n a l e  behind BFIRES sub r ou t in es  i s  

p r e s e n te d .  The reader  w i l l  n o te  tha t  the  complete  s im u l a t i o n  program 

s tands  as a c o l l e c t i o n  of  i n t e r r e l a t e d  h y p o t h e t i c a l  p r o p o s i t i o n s  about  

the  manner in  which people  respond to b u i l d i n g  f i r e  e v e n t s ,  as t h e s e  

have been "programmed into"  the  v a r io u s  su b r o u t in es  compris ing BFIRES.

Subroutines Which Simulate  

P e r c e p t io n  and Inform at ion  Gathering

Subroutines GROUP, OTHERS AND AGREE

Through i t s  f u n c t i o n s  o f  informing the  occupant about the  

e x i s t e n c e  of other  persons w i t h in  the  immediate environment,  of  pro­

v i d i n g  c e r t a i n  in form at ion  about t h e s e  o t h e r s ,  and o f  communicating  

with  them, t h e  GROUP package s e r v e s  as the o c c u p a n t ' s  sensory  and 

communicative apparatus .  These are  d e t e r m i n i s t i c  r o u t i n e s ,  in  the  

s e n s e  tha t  a g iven  space  e i t h e r  i s  or i s  not cooccupied  by s e v e r a l  

persons  at  once ,  occupants  e i t h e r  do or do not p o s s e s s  c e r t a i n  kinds  

of  in fo r m a t io n ,  they  e i t h e r  are or are not  in ju re d  or handicapped,
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e t c .  The program pr ov ide s  in form at ion  only in  t h i s  binary manner, 

i g n o r in g  the p o s s i b i l i t y  tha t  occupants '  p e r c ep tu a l  mechanisms may 

o c c a s i o n a l l y  d i s t o r t  the  " f a c t s " .

Subroutine  AGREE r a i s e s  i s s u e s  much more r e l e v a n t  to  the  i n t e r p r e ­

t a t i o n  of  in for m at ion  from the  s o c i a l  environment.  For example, when 

an occupant c o n fr o n ts  s e v e r a l  o th e rs  in  a space ,  and each agrees  upon 

the b e s t  e x i t  r o u t e ,  then they may i n t e r p r e t  such agreement as a r e i n ­

forcement o f  t h e i r  own i n d i v i d u a l  i n i t i a l  p e r c e p t i o n .  But when there  

i s  disagreement  among c o - o c c u p a n t s ,  who i s  r ig h t?  The "consensus"  

n o t io n  w r i t t e n  i n t o  sub r ou t in e  AGREÊ  assumes that  peop le  can be con­

vinced  they ar e  wrong, i f  the pr e s su re s  to  change ar e  s u f f i c i e n t l y  

g r e a t .  I t  fu r th e r  assumes t h a t ,  in  t h o s e  c ases  where no consensus  i s  

a t t a i n e d ,  a person w i l l  deve lop s t r e s s  r e s u l t i n g  from the i n a b i l i t y  to  

r e p la c e  an eroded p e r c e p t i o n  by a b e t t e r  one.  According to  AGREE, t h i s  

s t r e s s  i s  m a n i fe s t  in the  form of  "goal  se ek in g  in  the  absence  of  any 

s p e c i f i c  g o a l ,"  or wandering.

U n f o r t u n a t e l y ,  the l i t e r a t u r e  on human behavior  in  f i r e s  prov ides  

no e m p ir ica l  ev id en ce  concern ing  i n te r o c cu p a n t  communications during  

f i r e  e v e n t s .  Consequently,  no means for  examining the v a l i d i t y  of  the  

consensus con c e p t ,  or for  c a l i b r a t i n g  th e  th r e s h o ld  for  consensus  

a t ta in m en t ,  seem r e a d i l y  a v a i l a b l e  at the  present  t ime.

Subroutine  JAMMED

BFIRES c o n ta in s  no "queuing" mechanism, as such,  for  th e  purpose  

of  r e g u l a t i n g  the  f low o f  persons between s p a t i a l  l o c a t i o n s .  Queues

* Note equation (10), Appendix C.
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ar e  t y p i c a l l y  used in  s im u l a t i o n s  whenever the  number o f  e lements  

r e q u i r i n g  passage  through a channel  i s  g r e a t e r  than the  c h a n n e l ' s  

c ar ry in g  c a p a c i t y .  Normally,  w a i t i n g  elements  " l i n e  up" i n  the  queue,  

and remain in  l i n e  u n t i l  t h e i r  turns come to e n ter  the  channe l .  In 

t h e  s im p l e s t  c a s e ,  an e l e m e n t ' s  immediate fu tu r e  i s  f u l l y  determined  

once i t  e n t e r s  the  queue: i t  w a i t s  i t s  turn,  and then moves through

t h e  channel .

I t  i s  not c l e a r ,  however, that  person in  s t r e s s f u l  ( e . g . ,  l i f e  

t h r e a t h e n i n g ) s i t u a t i o n s  w i l l  respond to  p h y s i c a l  crowding in  so  

m e c h a n i s t i c  a manner, o b l i v i o u s  to events  around them. An i n d i v i d u a l  

may f i r s t  seek  passage  through a p a r t i c u l a r  doorway ( f o r  example) ,  but  

upon f in d in g  th e  v i c i n i t y  o f  the  door to  be occupied by a la r g e  number 

of  o ther  oc c upants ,  may not  j o i n  any "queue" at  a l l ;  but rath er  might  

seek  some o ther  r o u t e .

Moreover, s e ek in g  an a l t e r n a t i v e  eg r es s  path may not be a 

s t r a ig h t fo r w a r d  t a s k ,  i f  occupants  are  not  a c t u a l l y  aware o f  any such 

r o u t e .  I f  the re  are no a l t e r n a t i v e s  a v a i l a b l e  (or i f  occupants  per­

c e i v e s  none) ,  t h e i r  l e v e l  of  s t r e s s  i s  assumed to  i n c r e a s e ,  and t h e i r  

g o a l - d i r e c t e d  e g r e s s  performance i s  expected  to s u f f e r .  BFIRES simu­

l a t e s  the r e s u l t i n g  behavior  e i t h e r  as g o a l l e s s  wandering,  or as 

remaining "frozen" in  p l a c e .  The l a t t e r  behavior  may c ont inu e  u n t i l  

occuapnts  p e r c e i v e  a s i g n i f i c a n t  r e d u c t io n  in  the  crowding of  the  

space  l e a d in g  to  t h e i r  o b j e c t i v e .

Subroutine  KPOSS

This  program employs a s t i m u lu s - r e s p o n s e  f u n c t i o n ,  in  which 

in form at ion  from th e  environment r e s u l t s  in  some s p e c i f i c  b ehav iora l
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outcome. Namely, whenever a more a l t e r n a t i v e ,  k,  i s  p e rce ived  to be 

i m p o s s ib le  to  a t t a i n  ( i . e . ,  i t  i s  a lready  p h y s i c a l l y  crowded, or i s  

blocked by a p h y s i c a l  b a r r i e r  such as a w a l l ) ,  i t  i s  removed from the  

array o f  a l t e r n a t i v e s ,  and i s  accorded no f u r th e r  c o n s i d e r a t i o n  by the  

occupant during the current t ime frame. Whenever an a l t e r n a t i v e  i s  

p e r c e iv e d  to  be p o s s i b l e  to  a t t a i n ,  on the  o ther  hand, occupants  

"store"  i t  away for  comparison a g a i n s t  o ther  such a l t e r n a t i v e s ,  and 

in c lu d e  in form at ion  about i t  in  t h e i r  current dec is ionmaking t a s k .

This  f u n c t io n  has been programmed to  remain cons tan t  throughout a g iven  

s im u l a t i o n  run, and not  to  a l t e r  through i n t e r a c t i o n  with other  

p s y c h o l o g i c a l  or environmental  p r o c e s s e s .

Subroutine KPOSS assumes a c l e a r  v i s u a l  f i e l d .  Future i n v e s t i g a ­

t o r s  may wish to b u i ld  a c a p a c i t y  to  accommodate such i n t r u s i o n s  to  

the  v i s u a l  f i e l d  as smoke ( o f  varyin g  d e n s i t y ) .  The i n c l u s i o n  of  such 

f a c t o r s  might r e s u l t ,  o p e r a t i o n a l l y ,  in the  i n t r o d u c t i o n  o f  a s t o c h a s t i c  

component to the s ubrout in e:  for  example,  the  p r o b a b i l i t y  o f  a c o r r e c t

p e r c e p t i o n  o f  the immediate p h y s i c a l  environment would d e c r e a s e  as 

smoke d e n s i t y  i n c r e a s e d .

Subroutines  Which Simulate Informat ion  

P r o c e s s i n g ,  Decis ionmaking and Act ion

Subroutine INTRPT

According to  Simon ( 1 9 6 7 ) ,  i n t e r r u p t i o n s  to  goa l  s e ek in g  behavior  

provide  u s e f u l  means for  i n tr o d u c in g  emot ional  c o n t r o l s  over behavior  

p a r t i c u l a r l y  in  a computer-simulated  environment. I n t e r r u p t i o n s ,  

de to u r s ,  e t c . ,  r e q u ir e  i n d i v i d u a l s  to  t em porar i ly  suspend t h e i r  goa l
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s e e k in g  a c t i v i t y .  In a s t r e s s f u l  environment,  t h i s  should lead  

— according  t o  Simon— to in c r e a s e d  s t r e s s  for  the  occupant ,  r e s u l t i n g  

in  an in c re a s e d  l i k e l i h o o d  o f  maladaptive  be hav ior .

Within the f i r e  environment,  the causes  and e f f e c t s  of  i n t e r r u p ­

t i o n s  may be d i f f i c u l t  to  s p e c i f y  e x a c t l y .  The e m p ir ica l  l i t e r a t u r e  on 

f i r e s  i s  o f  extremely  l i t t l e  a s s i s t a n c e  and c o n s e q u e n t ly ,  INTRPT i s  

r a th e r  s i m p l i s t i c  in  i t s  treatment  o f  t h i s  phenomenon.

Only two forms of  i n t e r r u p t i o n  have been b u i l t  i n t o  BFIRES: 

remaining in  p l a c e ,  and b a c k tr a ck in g .  Remaining in  p la c e  i s  meant to  

s im u la te  any resp onse  in  which the  normal dec is ionm aking p r o c e s s e s  are  

bypassed,  and through which an occupant r e j e c t s  a l l  o ther  move c h o ic e s  

a v a i l a b l e  at  a c e r t a i n  po int  in  t im e .  But INTRPT makes no attempt to  

s im u l a t e  s p e c i f i c  causes  of  t h i s  form o f  i n t e r r u p t i o n ,  which may be 

c o g n i t i v e ,  p h y s i o l o g i c a l ,  or environmental  i n  o r i g i n .  Backtracking i s  

meant to  s im u la te  the f r e q u e n t ly  n o t i c e d  phenomenon in  which occupants  

may re turn  to some e a r l i e r  l o c a t i o n  t o ,  for  example,  r e t r i e v e  v a l u a b l e s ,  

c l o s e  doors ,  e t c .  (Wood, 1972;  Bryan, 1977) .

Subroutine BACKUP

The main purpose o f  t h i s  r o u t in e  i s  to  waste  occupants '  t ime by 

caus in g  them to  t em p or ar i ly  suspend e g r e s s  behavior  and i n s t e a d  move 

toward some seemingly i r r e l e v a n t  l o c a t i o n  on the f l o o r .  BFIRES a f f e c t s  

t h i s  a c t i v i t y  by r e t r a c i n g  each and every s t e p  occupants  have a lready  

taken,  u n t i l  the goa l  o f  backtrack in g  has been reached.  This i s  a 

rather  s i m p l i s t i c  approach, s i n c e  once an a l t e r n a t i v e  goa l  has been 

s e l e c t e d ,  occupants  may be more l i k e l y  to determine "for  themse lves"  

the most e f f e c t i v e  route  to  tha t  g o a l ,  than to merely r e t r a c e  t h e i r
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s t e p s .  But even in  the  absence  of  e m p ir i ca l  gu idance on t h i s  p o i n t ,  

BACKUP s e r v e s  the  purpose of  de tour ing  o c c u p an ts ,  and wast in g  v a l u a b l e  

t ime.

Subroutines  ASSIGN, D00RS1 and D00RS2

The "b ias in g"  f u n c t i o n  of  sub r ou t in e  ASSIGN i s  in tended to i n t r o ­

duce i n t o  BFIRES the concept of  w e i g h t in g ,  based on o ccupants '  percep­

t i o n s  o f  current e v e n t s .  Biased ( i . e . ,  w e ighted )  p r o b a b i l i t y  va lu e s  

a s s ig n e d  to move a l t e r n a t i v e s  prov ides  a means for  a c h i e v i n g  Brunswik's  

(1956)  "best  bet":  in a g iven  s i t u a t i o n ,  a person w i l l  probably— but

not c e r t a i n l y — respond with a p a r t i c u l a r  a c t i o n .  While b i a s in g  c o n t r i ­

b u te s  to  the  s e l e c t i o n  o f  the b e s t  a l t e r n a t i v e ,  the s t o c h a s t i c  a spec t  

o f  ASSIGN a s s u r e s  th a t  in  a c e r t a i n  proport ion  of  c a s e s ,  an occupant  

w i l l  make wrong d e c i s i o n s  (even  in  th e  p r e sen ce  o f  c o r r e c t  i n fo r m a t i o n ) .

The i n c l u s i o n  of  door m anip ula t ion  f u n c t i o n s  responds d i r e c t l y  

to  the  f r e q u e n t ly  r a i s e d  i s s u e d  of  door c l o s i n g  during  f i r e s  (Wood,

1972; Bryan, 1977) .  In p a r t i c u l a r ,  w h i l e  doors may provide  e f f e c t i v e  

b a r r i e r s  to  smoke and f i r e ,  they a l s o  s e rv e  as p e r c ep tu a l  b a r r i e r s  

which may l i m i t  communications and other  forms of  in for m at ion  f lo w .  

BFIRES t r e a t s  door opening and c l o s i n g  as s t o c h a s t i c  p r o c e s s e s .  Pr ior  

to  a s im u l a t i o n  run, the user  a s s i g n s  to occupants  v a lu e s  d e s c r i b i n g  

the  p r o b a b i l i t y  tha t  they w i l l  open c lo s e d  doors in  t h e i r  p a th s ,  or 

c l o s e  doors they  have j u s t  passed through.

Subroutine  EQUALZ

This r o u t in e  i s  c a l l e d  whenever the  current  events  p e rce ived  by 

an occupant make i t  d i f f i c u l t — or i m p o s s i b l e — to d e c id e  upon a s p e c i f i c
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o b j e c t i v e  ( e . g . ,  t o  evade the  t h r e a t ,  or to  seek  an e x i t  g o a l ) .  The 

p r i n c i p a l  assumption u n d e r ly in g  EQUALZ i s  th e  n o t io n  th a t  c e r t a i n  com­

b i n a t i o n s  o f  in form at ion  w i l l  cause  an i n d i v i d u a l  to  be ( a t  l e a s t  

momentari ly)  c onfused ,  and th a t  t h i s  c o n f u s io n  w i l l  make goa l  o r i e n t e d  

dec is ionm akin g  d i f f i c u l t .

When a "confused" occupant s e l e c t s  a move from among the  e qua l iz e d  

move a l t e r n a t i v e s ,  the  r e s u l t i n g  move cannot be con s id er e d  to be toward 

any p a r t i c u l a r  g o a l .  Rather,  i t  must be viewed as "wandering".  EQUALZ 

g e n e r a te s  such behav ior  when a s t a t e  of  i n s u f f i c i e n t  in for m at ion  i s  

coupled with a n e g a t i v e  p e r c e p t io n  o f  current  s a f e t y  s t a t u s .  Other 

causes  (not  a c t u a l l y  c o n s id er e d  w i t h i n  BFIRES) might i n c lu d e  c o g n i t i v e  

o ver load  (Cohen, 1975;  S a e g e r t ,  19 7 6 ) ,  in  which i n d i v i d u a l s  are forced  

to  respond to  more in for m at ion  than they  are  capable  o f  p r o c e s s i n g  

w i t h i n  a g iven  per iod  o f  t ime.  Another cause  ( a l s o  not c on s id er e d  by 

BFIRES) might be the  presen ce  of  c o n t r a d i c t o r y  in form at ion  e le m e n ts .

Subroutine TBIAS

As occupants  scan the move a l t e r n a t i v e s ,  "k"s,  c u r r e n t ly  a v a i l a b l e ,  

they "measure" the  d i s t a n c e  between each a l t e r n a t i v e  l o c a t i o n  and the  

l o c a t i o n  o f  the  t h r e a t ^ .  This i s  assumed to be the  " s t r a i g h t  l in e "  

d i s t a n c e  (through w a l l s ,  i f  n e c e s s a r y ) ,  on the  assumption tha t  the  

occupant has a lready  r e c e i v e d  in form at ion  concern in g  th e  l o c a t i o n  of  

the  t h r e a t .  The s e l e c t i o n  p r o b a b i l i t y  for  a g iven  a l t e r n a t i v e  w i l l  

i n c r e a s e  as the  d i s t a n c e  between the  new l o c a t i o n  and th e  th r ea t

 ̂ See equation (14), Appendix C.
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l o c a t i o n  i n c r e a s e s .  That i s ,  the more t h r e a t - r e d u c i n g  an a l t e r n a t i v e  i s  

judged to  be ,  the more l i k e l y  i s  the  occupant to s e l e c t  i t .

Subroutine  EBIAS

As occupants  look ahead to  the  move a l t e r n a t i v e s  c u r r e n t l y  a v a i l ­

a b l e ,  they  make measurements s i m i l a r  to t h o s e  d e s c r ib e d  above.  In t h i s  

c a s e ,  however, the d i s t a n c e  between a l t e r n a t i v e  l o c a t i o n s ,  and the  

l o c a t i o n  o f  the  occupants '  next  e g r e s s  o b j e c t i v e  i s  c ons id er e d^ .  Here,  

the  s e l e c t i o n  p r o b a b i l i t y  i n c r e a s e s  for  a g iven  move a l t e r n a t i v e  as the  

d i s t a n c e  between tha t  a l t e r n a t i v e  and the  e g r e s s  o b j e c t i v e  d e c r e a s e s .  

That i s ,  the more g o a l - d i r e c t e d  an a l t e r n a t i v e  i s  p e r c e iv e d  to be,  the  

more l i k e l y  i s  the occupant to  s e l e c t  i t .

Egress  r ou tes  are  s u b j e c t  to  change during the  course  o f  the f i r e

e v e n t ,  as the occupant r e c e i v e s  new in fo r m a t io n .  EBIAS e s t a b l i s h e s  move 

s e l e c t i o n  p r o b a b i l i t i e s  on th e  b a s i s  of  the  o c c u p a n t ' s  current  r o u t e .

S ta tu s  E va lua t ion :  Subroutines  EVAL8 and EVAL20

BFIRES a l low s  the  program use r  to  s e l e c t  e i t h e r  of  two modes of

e g r e s s  s t a t u s  e v a l u a t i o n .  Only one o f  t h e s e  i s  a c t u a l l y  employed during

any g iven  s im u l a t i o n  run. Subrout ine  EVAL8 c o n s t r u c t s  s t a t u s  e v a lu a t i o n  

outcomes on the b a s i s  of  s t r a i g h t  l i n e  d i s t a n c e  measurements between 

an o c c u p a n t ' s  current l o c a t i o n ,  and th e  l o c a t i o n s  of  t h r e a t s  and/or  

e x i t s .  A p o s i t i v e  e v a lu a t i o n  r e s u l t s  whenever th e  oc c upant ' s  s t a t u s  

i s  p e r c e iv e d  to be "bet ter"  a t  t ime t than i t  was at  t - 1 .  EVAL20, on 

the  o ther  hand, e v a lu a te s  e g r e s s  progress  as a f u n c t i o n  o f  the t o t a l

 ̂ See Equation (17), Appendix C.

172



amount o f  t ime the  occupant has spent i n  th e  danger zone .  A move in  

a t h r e a t e n i n g  d i r e c t i o n  may not  i n i t i a l l y  be p e r c e iv e d  as  n e g a t i v e  i f  

occupants  th in k — on the whole— they s t i l l  have ample t ime l e f t  to  

escap e .

EVAL8 . The d i s t a n c e  measurement approach was adopted from the  

s im u l a t i o n  by Wolpert and Zillmann ( 1 9 6 9 ) .  Their  study focused  on 

f i r e s  in  l a r g e ,  s i n g l e  s p a c e s .  In t h e s e  s e t t i n g s ,  occupants— regard­

l e s s  of  t h e i r  p a r t i c u l a r  l o c a t i o n s — are c o n t in u o u s ly  provided with  

unob s tr uc te d  v i s u a l  a c c e s s .  Hence, the assumption th a t  occupants  can 

judge r e l a t i v e  d i s t a n c e s ,  and make e v a l u a t i o n s  based on t h e s e  judgments,  

seems a s a f e  one.

But most f i r e s  of  i n t e r e s t  for  s im u a l t i o n  u s in g  BFIRES are l i k e l y  

to  i n v o l v e  m u l t i s p a t i a l  f a c i l i t i e s  ( e . g . ,  a p ar tm ents ) .  The q u e s t io n  

a r i s e s ,  then ,  as to  th e  a b i l i t y  of  occupants  to  judge d i s t a n c e s  when 

v i s u a l  a c c e s s  t o  key e lem ents  ( f i r e  and e x i t s )  may in  f a c t  be blocked  

by w a l l s  or o ther  environmental  e le m en ts .  The p r i n c i p a l  assumption  

un d er ly in g  EVAL8 , t h e r e f o r e ,  i s  t h a t  occupants  have u p - t o - d a t e  

in form at ion  about the l o c a t i o n  o f  key elements  from mental  maps o f  

t h e i r  environment ( s e e  for  example, Moore and G o l l e d g e ,  1976; Downs 

and S te a ,  1973) .  Judgments o f  d i s t a n c e s  are seen  to  d e r i v e  from t h e s e  

maps, r a th er  than from d i r e c t  v i s u a l  e x p e r ie n c e  ( e x c e p t  where d i r e c t  

v i s u a l  a c c e s s  i s  p o s s i b l e ) .

EVAL20. This  program assumes that  the  occupant i s  l e s s  dependent  

upon d i s t a n c e  e s t i m a t i o n s ,  and puts  more emphasis on the  q u e s t io n  of  

t ime e s t i m a t i o n .  EVAL20 i s  based on the  n o t io n  that  a l l  occupants  have  

t h e i r  own p e r c e p t i o n s  o f  the  t o t a l  amount o f  t ime needed to  escape  the  

danger zone .  Regard less  o f  what movements they make, they are assumed
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t o  m ain ta in  a p o s i t i v e  s t a t u s  e v a l u a t i o n  as long as they b e l i e v e  they  

are  w i th in  t h e i r  pe r c e ive d  t ime l i m i t .  N ega t ive  e v a lu a t i o n s  begin  to  

r e s u l t  when occupants  approach t h e i r  t ime l i m i t ,  r e a l i z i n g  tha t  they  

are s t i l l  too far  from t h e i r  o b j e c t i v e .

A n e g a t iv e  s t a t u s  e v a lu a t i o n  may be i n t e r p r e t e d  as the  f r u s t r a t i o n  

encounted when one r e a l i z e s  a t ime l i m i t  has been reached ,  but has 

f a i l e d  to a c h iev e  a g o a l .  By r e tu r n in g  a n e g a t i v e  s t a t u s  e v a lu a t i o n  

t o  o th e r  BFIRES s u b r o u t in e s ,  EVAL20 causes  the occupant to respond to  

t h i s  f r u s t r a t i o n  with n o n g o a l - d i r e c t e d  movement behavior  ( i . e . ,  

w an der ing ) .

Unlike  EVAL8 , which f a i t h f u l l y  ge n e r a te s  increm enta l  s t a t u s  eva lu ­

a t i o n s  for  each t ime frame, EVAL20 permits  the program user  to i n f e r  

th a t  occupants  s t a r t  o f f  with some overview of  the  f i r e  s i t u a t i o n ,  and 

tha t  they c o n s id er  the  f o l l o w i n g  the  kind of  q u e s t io n s :  "There i s  on ly

so much t ime a v a i l a b l e  to  accompl ish  the eg r es s  task ;  how w i l l  I use  i t ?  

How much f l e x i b i l i t y  i s  there?"
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APPENDIX C

"BFIRES" PROGRAM DOCUMENTATION 

INTRODUCTION

This appendix pr o v id e s  documentary m a t e r i a l  which d e s c r i b e s  the  

BFIRES computer program. The program i s  p r e s e n te d  as  a "package" 

composed o f  a network of  i n t e r r e l a t e d  s u b r o u t i n e s .  These are  l in k e d  

through the  EXECUTIVE program, as  shown i n  F igure  C . l .  The 

s u b r o u t in e s  are  d i s p la y e d  i n d i v i d u a l l y  as  u n i t s ,  in  a sequence  which  

approximates  the  order in  which they  are  c a l l e d  and e x e c u te d .  For each 

u n i t ,  the  f o l l o w i n g  in form at ion  i s  provided:

( 1) program or s u b r o u t in e  name;

( 2) loop w i t h i n  which the  program f u n c t i o n s ;

(3)  d e s c r i p t i o n  of  the  program's purpose or f u n c t i o n ;

(4) d e s c r i p t i o n  of  computa t ional  form ulas ,  i f  any;

(5) d e s c r i p t i o n  of  program l o g i c ,  by means o f  f l o w  diagrams'*';

( 6) FORTRAN l i s t i n g .

Not inc lu d ed  w i th  I/O and n on -b e h a v io r a l  s u b r o u t i n e s .
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GROUP
-AGREE

,EVAL

JAMMED

BACKUP

INTRPT (DOM

EXECUTIVE

KTOXY

EQUALZ
TB IA S
EBIAS
HBIAS

KPOSS

UPDATE

[PORT

'TRACE

TOTALS PASSG

XSCORE

SUMMRY

Figure  C . l  Subrout ine  Network and Flow o f  Control

176



Routine EXECUTIVE

Loop

purpose

Formulas

R e p l i c a t i o n

(1)  R e ad s - in  input  data  f i l e s ;

( 2) p r o c e s s e s  com p le te  r e p l i c a t i o n s  of  f i r e  e v e n t s ;

(3)  accum ula tes  e ve n t  outcome da ta;

(4)  summarizes outcome data  i n  ta b u la r  form.

n /a
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START

Bead ru n  i n p u t ,  
en d  i n i t i a l i z e  
r u n  v a r i a b l e s

E n v i r o n m e n ta l  
o c c u p a n t ,  and , 
s y s t e m  d a t a  I

IBYSTD(N) -  0  
KXD(N) -  0 
KYO(H) -  0 
INITXO(N) -  0 
INITYO(N) “  0

YES

I t e r a t e  f o r  
d e s i r e d  n u m b e r 
o f  r e p l i c a t i o n s

NO

I I I

I n i t i a l i z e
r e p l i c a t i o n
v a r i a b l e s

X0(N) -  KXO(N) 
YO(N) -  KYO(N)

YES
NUMOCC

NO
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9
^  NTHIS -  1

_____ W______
IFLAG(NTHIS) -  0  
HUMS TP (NTHIS) -  0 
ISCORE(NTHIS) -  0 
IBACK(NTHIS) -  0 
JTIM E(N TH IS) -  0 
IN TR(N TH IS) -  0  
INTNUM (N TH IS) -  0  
ITY PE1(N TH IS) -  0 
ITY PE2(N TH IS) -  0 
IDPA SS(N TH IS) -  0

NTHIS S: NUMOCC

ITIME -  1

ID O F E N (I»ITIM E) 

ID O O R (I,4 )

NTHIS -  1

I t e r a t e  f o r  
d e s i r e d  num ber 
o f  t im e  f r a m e s

I t e r a t e  f o r  
d e s i r e d  n u m b e r 
o f  o c c u p a n ts
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YES
IF L A G (N T H IS )-l

I n i t i a l i z e
o c c u p a n t
l o c a t o r s

NO

XFRIOR(NTHIS) -  XD(NTHIS) 
YPRIOR(NTHIS) -  XO(NTHIS) 
IXTRCE (N TH IS, ITIM E)-X O  (NTHIS) 
IYTRCE(NTHIS, ITIM E)-YO(NTH1S) 
XDB (N TH IS, ITIM E) -  XO(NTHIS) 
YOB(NTHIS,ITIM E) -  YO(NTHIS)

D e te rm in e  
v h lc h  s p a c e  
0CC1 i s  c u r r e n t l y  
o c c u p y in g

XLO(N) XO(NTHIS) XHI(N) 

an d

YLO(N) YO(NTHIS) Y HI(N )

YES

NO

YES

IS

NO

IS  -  NSFACE

TOTBAR - 'N P O IN T (IS )

D e te rm in e  
w h e th e r  
OCC i s  
I n t e r r u p t e d

CALL INTRPT
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0
YES

NO

ITY PE1(N TH IS) -  

ITYPE1 (NTHIS) +  1

YES
INT

NO

B a c k -u p
i n t e r r u p t i o n

CALL BACKUP

YES
IBYSTD(NTHIS)«1

NO

D e te rm in e
" s o c i a l "
c o n d i t i o n s
s u r r o u n d in g
OCC.

CALL GROUP

YES
NHANDI>0

NO
CALL BYSTND

YES
IB Y ST D (N TH IS)-!

NO

N /
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D e te rm in e  
mode o f  s t a t u s  
e v a l u a t i o n

(+)
EVLOPT-1

( - )  o r  (0 )

CALL EVAL8CALL EVAL20

D e te rm in e
l o c a l  " c ro w d in g "
c o n d i t i o n s
s u r r o u n d in g
OCC.,

CALL JAMMED

G e n e r a te

p r o b a b i l i t i e s

CALL ASSIGN

R e c o rd  d o o r  
d o o r - p a s s a g e  
i f  o n e  
o c c u r r e d

CALL PASSG

YES
RREPRT-1

P r i n t  
m ove p ro b  
m a t r i x

NO

CALL REPORT

^ __
Move 

P r o b a b i l i t y  
 M a t r ix

U p d a te  o c c u p a n t  
l o c a t o r s

CALL UPDATE
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ISCORE(NTHIS) -  

ISCORE(NTHIS) +  1

YES XO(NTHIS) -  XE(KNOWAY) 
YO(NTHIS) -  YE(KNOWAY)

NO U p d a te
n u m b e r o f  s t e p s  
t r a v e r s e d  
by  OCC.

IFLAG(NTHIS)

CALL STEPS
IP S(N T H IS ) -  
IDPASS(NTHIS!

YES
NTHIS sNUMOCC

NO

YES

NO

YES
RREPRT-2 C om pute 

e s c a p e  s c o r e s  
f o r  a l l  
o c c u p a n ts  In  
t h e  ru n

NO

CALL XSCORE

NO
RREPT2-1

YES
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o
T r a c e  o f  
m ovem ent 
p a t h sCALL TRACE

I n t e r r u p t i o n
sum m ary
t a b l e

CALL TOTALS

YES

NO

END

P r i n t  OCC 
-  m ovem ent 

t r a c e s

P r i n t
i n t e r r u p t i o n
sum m ary
t a b l e
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c
C e w e  IM IS VERSION IS  FOR THE INTERDATA 7 / J 2  M O OTHER 3 2 -B IT  UNITS 
C

C»
c*
C* •FIRES —  HUMAN EGRESS BEHAVIOR BURINS BUILDING FIRES
C»
c»
C—opibmi ««« m  m m <r»>»rm

O
C» WITTEN BY FRED 1. STAHL. RESEARCH PSYCHOLOGIST
C* ARCHITECTURAL RESEARCH PROGRAM
C» ENVIRONMENTAL DESIGN RESEARCH DIVISION
C* CENTER FOR BUILDING TECHNOLOGY,NEL
C* NATIONAL BUREAU OF STANDARDS
c* HASHING TON, DC 26234
Cm
C* FOR PROGRAM FOR DESIGN CONCEPTS
e* CENTER FOR FIRE RESEARCH,NEL
C* NATIONAL BUREAU OF STANDARDS
C»
C> IN SUPPORT OF THE
C»
C* NBS^HEU FIRE-LIFE SAFETY PROGRAM
C»

c*
C* REVISED AUGUST 30,1978
C»
CyXQfcHnMHnrH TlnCTnK y^

C
c
c
c
C THE BFIRES PROGRAM SIMULATES HUMAN EGRESS BEHAVIOR DURING BUILDING
C FIRES. BFIRES IS A DISCRETE TIME STOCHASTIC SIMULATION BASED ON A NOH-
C STATIONARY MARKOV MOrEL OF THE BUILDING FIRE PROCESS. ACCORDING TO THIS
C 'rOIEL, FIRES MAY BE UNDERSTOOD IN TERMS OF THREE INTERACTING COMPONENTS.
C THESE ARE (I) THE FIRE AND ITS BI-PRODUCTS. (2> THE BUILDING ENCLOSURE.
C AND (3) THE HUMAN OCCUPANTS. EACH POSSESSES UNIQUE CHARACTERISTICS.
C AND THE BEHAVIOR OF EACH CONTRIBUTES TO THE OVERALL OUTCDIE OF ANY FIRE
C EVENT (I.E.. HOW MANY PEOPLE ESCAPED, HOU MUCH TIME MAS REOUIRED FOR ESCAPE.
C ETC.).
C
C EYEC2 IS THE SECOND VERSION OF THE BFIRES E«CUTIVE ROUTINE. THE
C PURPOSE 0= EXEC2 IS TO READ-IN ALL USER-SUPPLIED DATA. AND THEN TO RUN A
C FIRE EVENT FOR A GIVEN PERIOD OF TICE. IN ADDITION. EXEC2 PERMITS THE USER

TO CONDUCT A NUTBER CUP TO 20) OF REPLICATIONS OF A GIVEN FIRE EVENT. IN A 
SINGLE COMPUTER RUN.

THE FOLLOWING DATA MUST BE PROVIDED BY THE USER. THESE DESCRIBE T W  
FIRE. THE BUILDING ENCLOSURE. AND THE OCCUPANTS FOR THE COfPUTER.
NT. YT
NUTEXT
rtairt
NSPACE
EVLOPT
rtc
c
IALLOU
HD
RREPRT
RREPT2
«.YE
HE
KPOINT

lBAR(IS.I.J)

IEAR(!S.2.J>

IGOALX 
I COALY 
XLO.WII
YL0.YH1

lDOOR(l.J)
ID00R(2.J)
ID 00R 13 .J)
1DOOR(4.J)
NUMOCC
T0T1TE

IRAND

K.Y COORDINATES OF INITIAL THREAT LOCATION 
NUM3SR 0= EXITS FROM THE FLOOR (NOT MORE THAN 2 )
OCCUPANTS* PERCEIVED Tilt FOR EiRESSILESS THAN TDTITE)
NUTBER OF SPATIAL SUBDIVISIONS ON THE FLOOR (NOT MORE THAN 

2 6 )
STATUS EVALUATION OPTION SELECTOR 
PRESET TO ZERO 
PRESET TO ZERO 
SPATIAL CROWDING FACTOR
NUMBER OF DOORS ON THE FLOOR (NOT MORE THAN 36 )
S'JTFWRY TABLE OPTION SELECTOR 
SUcnARY TASlE OPTION SELECTOR 
X.Y COORDINATES OF EXITS FROM THE FLOOR 
HUMBER OF EXITS FROM A SPATIAL SUBDIVISION 
HUMBER OF POINTS COMPRISING UALLS LH1CH ENCLOSE A SPATIAL 

SUBDIVISION (NOT MORE THAN 75)
X COORDINATE OF THE JTH POINT OF A WALL IHICH ENCLOSES 
SUBDIVISION IS

Y COORDINATE OF THE JTH POINT OF A UALL UHICH ENCLOSES 
SUBDIVISION IS

X COORDINATE OF AN EXIT FROM A SUBDIVISION
Y COORDINATE OF AN EXIT FROM A SUBDIVISION
RANGE OF X COORDINATES OF POINTS COMPRISING UALLS (MICH 
ENCLOSE A SUBDIVISION 

RANGE OF Y COORDINATES OF POINTS COM>RISING UALLS UHICH 
ENCLOSE A SUBDIVISION 

X COORDINATE OF LOCATION OF JTH DOOR
Y COORDINATE OF LOCATION OF JTH DOOR 
DOOR-TYPE IDENTIFIER FOR JTH DOOR 
DOOR POSITION IDENTIFIER FOR JTH DOOR
HJCBER OF OCCUPANTS IN THE EVENT (NOT TORE THAN 26)
TOTAL NUMBER OF SIWLATED TICE FRACES TO BE RUN (I.E..
LENGTH OF THE FIRE EVENT -- NOT MORE THAN IBB FRAMES) 

RANDOM NUMBER SEED (NECESSARY FOR 32 BIT COCPUTER ONLY). ANY 
5  DIGIT ODD NUMBER. FOR UNIVAC-1I6B VERSION. INSERT ANY 
5 DIGIT DUrtTY NUMBER.
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hutrep TOTAL NUTBER of replications besired
P12 PROBABILITY OF A TYPE-2 INTERRUPTION
PIO PROBABILITY OF NO INTERRUPTION
INTI.IN OCCUPANTS' INTERRUPTION LIMIT
LBYSTD OCCUPANTS' INTERVENTION LIMIT
1 HAND I OCCUPANTS' TDBILITY STATUS
KNOUAY OCCUPANTS' INITIAL KNOULEDGE OF OEST EXIT
MO.YD X.Y COORD1ATES OF OCCUPANTS' INITIAL SPATIAL LOCATIONS
POPEN PROABILITY THAT OCCUPANT UILL OPEN A CLOSED BOOR
PCLOSE PROBABILITY THAT OCCUPANT UILL CLOSE AN OPEN BOOR

THESE BATA ARE ENTEREB IN THE FOLLOVINC SEQUENCE...

TITLE CANY OB CHARACTER C P I  EXT)
C2BA4)

IFMT CUSER SUPPLIES FORMAT STATETCHT)
C20A4)

JFMT CUSER SUPPLIES FORMAT STATEMENT)
C20A4)

KFMT CUSER SUPPLIES FORMAT STATEMENT)
(20A4)

XT. YT. Hurt XT. rKT 1 It. N3PACE. EVLOPT. IT. C. 1ALLOU. ND, RREPRT. RREPT2 
CSC 12. IX). 2(11. IX). Fl.B. IX.2CIX, I2).2CtX. ID)

IC .Y E  ALL >C OOROINATES FOLLOLEB BY ALL VC OORBINATES 
C1FHT)

REPEAT THE FOLLOUINC SEQUENCE FOR EACH SPATIAL SUBBIVISION

ME.NPOIHT
CIFMT)

1BARC1S.1.J) COORB1ATES I-NPOINT IN ADJACENT FIELDS 
CJFMT)

IBARCIS.2.J> C OORBINATES I-NPOINT IN ABJACENT FIELDS 
CJFMT)

ICOALX. ICOALY ALL X COORDINATES. FOLLOUED BY ALL Y COORDINATES 
CIFMT)

JO .O .W I.Y L O .Y H 1
CIFMT)

IDOORC1.J) (COORDINATES 1-ND IN ADJACENT FIELDS)
CJFMT)

ID00RC2.J) CCOORDINATES 1-ND IN ADJACENT FIELDS)
CJFMT)

IDDDR(3.J) (IDENTIFIERS 1-ND IN ADJACENT FIELDS)
CJFMT)

IDOORC4,J) (IDENTIFIERS 1-ND IN ADJACENT FIELDS)
CJFMT)

NUMOCC. TOT ITE. I RAND. NUrREP. P12 .P IB 
(2( 12. IX). IS. IX. 12.2C1X.F4.2))

REPEAT THE FOLLOUINC LINE FOR EACH OCCUPANT IN THE RUN...

INTLIM.LBYSTD, IHAND1.KNOUAY.XD.YO.POPEN.PCLOSE 
(KFMT)

DITENSION ITYPE1(20),ITYPE2(20)•IDPASSC20).IPSC2B) 
DITENSION IXTRCE(20.100).IYTRCE(20.100)
DITENS ION IBACK(23).JTITE(20).lNITYO(20),INIT)ffl(2B> 
DITENSION 1NTRC20). 1NTNUM(20),TITLE (20)
DITENSION 1FMT(20). JFMTC20) .KFMT(20), IENTERC9)
DIMENSION 1BAR(20,75,2).LBYSTD(20). IHANDI (20) .KNOUAYC20)

DITENSION IHTLIM (20).1BY3TD(20).NE(20).NPO1NT(20) 
D ITE n SION PTDIST(20).PEr;ST(20).PO)
DUE:,SION IC0ALXC20.10). 1GOALYC20.10) .KXO(20).KYO(20)
D1 TENS I ON POPEN(20).PCLOSE(20),I DOOR(30.4),IDOPEN(30,100) 
DITENSION IFLAC(20).ISCOPE(20).NUTC.TP(20)
INTEGER W>R 10R (20). YFRI OR (20). SCOPE (20)
INTEGER XT,YT.>.'O(20).YO<20).XE(10).YE(10).TOTBAR,TDTITE
integer x l o(20).w i (z b>,ylo(20).yh i(2B),evlopt
INTEGER X03(20.103).YOB(20.100).RREPRT.RREPT2

c
C READ RUN INPUT AND INITIALIZE RUN VARIABLES 

READ (S.101) TITLE
C

READ (5.101) IFMT 
READ (5.103) JFMT 

* READ (5, 104) KFMT
C
Cl INITIALIZE THE SIMULATION...
Cl Cl) ENVIRONMENTAL PARAMETERS!

READ (5.100) XT.YT.NJMEXT.ttKTirE.NSPACE.EVLOPT.lK.C.
1 1 ALLOU. ND. RREPRT, RREPT2
READ (5, IFMT) (XE(I).I-1.NUMEXT).CYE(I).I-1.NUTEXT>
DO 10 IS-l.NSPACE
READ (5. IFMT) NEdS).NPOlNT(IS)
NEXIT-HE(IS)
TOTSrTR-NPOlHTClS)
READ (5,JFMT)(!CAR(IS. 1.1).I-I.TOTBAR)
READ ( 5 ,JFMT)(IBA fi(J5,1,2).I*1.T0TBAR>
READ (5. IFMT)()COALX(IS.JEXIT).JEXlT»l.NUMEXn.
I (IGOPLY(lS.JEXIT>.JEXIT*l,NUrCXT>
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IB  r e a p  ( 5 , i f m t > x l o ( i s > . > « i { I I > . y l o ( I S > . v n i ( I * >  
r e a d  ( 5 . j f m t > ( 1 d o o r ( i . i > . i * i , n d >
REAP ( 5 . JFMT) ( I D 0 0 R ( t , 2 ) . l » l . » >
REAP 1 5 .JFMT) (1 D 0 0 R (1 .3 ) .I* I .N D >
REAP ( 5 .  JFMT) ( I tO D R (1 .4 ) .  I - l .N D )

C l C2> SYSTEM PARAPCTERSr
REAP ( 5 .1 6 2 )  NUMOCC.TOTIM E.IRANP.M UrREP.PI2.RI*
M  48 I-I.HUPCCC 
IBTSTPCD -R 

4 8  CONTINUE 
C l ( 3 )  OCCUPANT PARAPETERSi 

8 0  45 N-l.NUMOCC
REAP < 5 ,KFMT) lN TLIM IN M BYSTD im .lH AN D KN nK NO W W N I.N DCH I.Y OtN) 

t  ,POPEN(N).PCLOSE(N)
K)®(N)*>ffl(N>
k y o (N)*y o (n >
IN1TXD(N)*XD(N)
INlTYO(N)*YO(H)

4 5  CONTINUE 
C
C ■* E * C U T E  THE SlItJLATlON EW ER  I PENT ■»
C
C ITERATE FOR DESIREB NUPBER OF REPLICATIONS 

80 M  II1-1.HUPBEP

C INITIALIZE REPLICATION VARIABLES 
PC 91 N*l,NUMOCC 
M)(N)«KXD(N)

91 YD(N)-KYDCH)
C

to 32 NTH 1S"1.NUMOCC 
lFLPE(NTHIS>-8 
NUHSTP(N7HIS>*8 
ISC0RE(N7HIS)*B 
IBACK(NTHIS>*8 
JTI PC (NTHIS)"8 
1NTR (NTHIS) "8 
1NTNUM(NTHIS>«8 
ITYPE 1(NTH IS)*8 
ITYPE2(NTHIS)*0

92 IDPASS(NTHIS)*B 
C
C ITERATE FOR PESIREP HUPBER OF TIME FRAPES 
C

80 58 1TIPE-1.TOTIPE
C

DO 581 I-l.HP 
981 ID0PENCI.ITirC)»ID09R(I.4)
C
C ITERATE FOR DESIREP NITBER OF OCCUPANTS 

DO 60 N7HIS»1.NUMOCC 
IF (IFIAG(NTHIS).EO.I) CO TO 68 

C 1NITALIZE OCCUPANT LOCATORS 
W R ’ORINTHISl-ttKNTHlS)
YPR1OR(NTH IS)-YO(NTH1S)
IXTRCE(NTN1S. ITIHE)*XO(NTHIS>
1YTRCE (NTHIS, ITIPE)-YO(NTNIS)
XDBtNTHlS.ITI PE)*)® (NTHIS)
YOB (NTHIS. ITIPE)-YD(NTHIS)

C DETERP1IHE UHICH SPACE THE OCCUPANT IS CURRENTLY OCCUPYING
«*e

15 M-Mfl
IF (((M.O(N>.LT.)®(NTHIS)>.AND.
1 (YLO(N).LT.YD(NTHIS))).AND.
2 ((>«I(N).GT.XO(NTHIS>>.AND.
1 (YHI(N).CT.YD(NTHIS)))) CO TO 25 
CO TO 28

25 IS-N
■ CO TO 26 *

28 IF (N.LT.NSPACE) CO TO 15
IS-NSPACE

26 TOTBAR-NPOINTdS)
C DETERMINE LHETHER THE OCCUPANT IS INTERRUPTED

CALL INTRPT (ITIPE.NTHIS.IHAND1.INT.IBYSTD.IEVAL.
1 NO,YD. IBAR.TDTBAR.XT.YT.NAGREE.W.YE, IACREE.
2 IRAND.P.PCVE.Wi.Yr ,K.L. IS. ICOALX. 1C0ALY. 1ENTER.
3 X. INTLIH, INTR. 1NTNUM.PI2.P1B)
IF (INT.EO.I) GO TO 22
IF (INT.E0.2) GO TO 38

CD TO 31 
C REMAIN-IN-PLACE INTERRUPTION 
27 1TYPE1 (NTHIS) • I TYPE I (NTHIS)*!

GO TO 78 
C BACK-TRACK INTERRUPTION
38 CALL BACKUP (IBACK.XO.YO. INITXQ, INITY0.W8.YQ6.

I 1T1PE.NTHIS.NELM3.NEUYD. INTR, JTIIE)
ITYPS2(NTHIS)*1TYPE2(NTH1S>+1 
IF(1NTR(NTHIS).EQ.8) CO TO 31 
CO TO 71 

31 CONTINUE
IF (IBYSTD(NTHIS).EO.I) CO TO 78 

C DETERMINE SOCIAL CONDITIONS SURROUNDING THE OCCUPANT
CALL CROUP (NTH 1$«MUM0CC • I HAND I • KNOUA Y, KOOCC. NHANDI. NXNOU, NACREE » 
I IACREE)
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IF CNHAND1.6T.B) 60 TO £5 
60 TO 67 

ES CALL BYSTNP (IBYSTD.NTHIS)
IF (IBYSTD(NTH]S>.EQ.t> 60 TO 78 

C DETERMINE MODE Or STATUS EVALUATION
67 IF (EVLOPT-l) 68.60.69
68 CALL EVAL6(X0.YO.XT.YT.)«,YE,NTHIS. IACREE. ITITC. IEVAL.

I FTP 1 ST* TP 1ST, PEP 1ST, EPI ST. IS, 1G0ALX. 160ALY)
60 TO 78

69 CALL EVAL2B (TPTriME.IBI.XD.YO.XE.YE.NTMIS.IACREE,
I IT1TE.C. IEVAL.TOTItt)

C BE TE AMINE LOCAL CROUD INC CONDITIONS SURROUNDING T>€ OCCUPANT 
78 CALL JAMMED (ITIME.NTHIS. IHANP1. INT, IBYSTD. IEVAL,

1 NO,TO. IBAR.TOTCAR.XT.YT.NAGREE.XE. VE, IACREE. I RAND,
2 P.IOVE.NC.YK.K, IALLOU.NUMOCC.IENTER)

C 6EHESA7E IDVE PROBABILITIES
CALL ASSIGN (1TI7E,NTHIS. IHANPI. INT. IBTSTD. IEVAL.
1 NO.TO. 1BAR.T0TBAR.XT.YT,NAGREE.)£. VE. I AGREE.
2 IRAND.P.MDVE.IOC.YK.r.L.IS. IGOALX.IGOALY.1ENTER.
> N, IDOOR,POPEN,ND.MDOOR.PClOSE)
CALL NELKY C ITIME,NTHIS. IHANPI, INT, IBYSTD. IEVAL.
1 NO. YO. 1BAR.TDTBAR.XT. YT.NAEREE.tt.YE, I AGREE.
2 IRAMD.P.roVE.MC.YK.K.NEUXO.NELMOI 

C RECORD D00R-PAS3A3E. IF ONE OCCURRED
CALL PASSG (IPPASS. IDOOR.XO.YO.NTHIS.ND.NELDCO.NEIMI)

71 IF (RREPRT.EO.I) 60 TO 72 
60 TO 61

C PRINT MOVE PROBABILITY MATRIX, IF THIS OPTION IS SELECTED
72 CALL REPORT (ITIfE.NTHIS. 1KANDI, INT, IBYSTD. IEVAL.

1 ND.YO, lBAR.TDTBAR.XT.YT.HAGREE.XE.YE. IAGREE.
2 IRANP.P.MO^.IOC.YK.X.NUrtXT.NUrtDCC.TOTirE, 1NTLIM.
I LBYSTD. KNOUAY.PTDIST.TDIST.PEDIST.EDIST.NEUWJ.NEIWD.
4 EVLOPT,IDOOR.IDOPEN.ND.INTR)

C UPDATE OCCUPANT LOCATORS
61 CALL UPDATE (XO.YT.NTHIS.NElDC.NEI/lO)

1SC0RE (NTHIS) •1SC0RE(NTHIS)TI 
IF (CXO(NTHIS) .EQ.XE(KNODAY)) .AND.
I CYD(NTH1S).EQ.YECKN0UAY)>> 60 TO 62 
60 TO 66

62 I FLAG (NTHIS) •!
IPS (NTH 1S >-IPPASS (NTHIS)
60  TO 60

C UPDATE NUTBER OF STEPS TRAVERSED BY TIC OCCUPANT 
66 CALL 6TEPS (WRIOR. YPR10R.XD. YD. HUT6TP. NTHIS)
6 8  CONTINUE 
9 8  CONTINUE
C PRINT SUMMARY TABLE. IF THIS OPTION IS SELECTED 

IF (RREPRT.EO.2) 60 TO 63 
60 TO 64

C COIPUTE ESCA°E SCORES FOR ALL OCCUPANTS IN THE RUN
63 CALL «CORE (TUTirE, ISCORE.NUMOCC.SCORE)

CALL SUTPY ( 1N1TX0, INITYO. INTL1M,LBYSTD, IHANPI .KNOUAY, POPEN.
1 PClOSE.SCORE.NUMSTP.IPS. III.NUrREP.NUM3CC.T0Tirt.XD.Y0.tt.TE.
2 TITLE)
IF (RREPT2.E0.I) 60 TO 64 
60 TO BB

64 CONTINUE
C PRINT OCCUPANT MOVE TENT RACES. IF THIS OPTION IS SELECTED 

CALL TRACE (IXTRCE. 1YTRCE.NTHIS. ITIIE.NUrOCC.TOTlfE)
C PRINT INTERRUPTION SUM1ARY TABLE, IF THIS OPTION IS SELECTED 

CALL TOTALS (IPPASS,ITYPE1,ITYPE2.NTHIS.NUTOCC)
9 8  CONTINUE 
C
C t  INPUT FORMATING 
C
188 FORMAT (5( 12. IX) .2(11,1X1.F1.B. IX. 12. IX. 12.2(1X. Ill)
181 FDRMAT (28A4)
182 FOKTAT (2(12. IX), 15, IX. 12,2( 1X.F4.2))
103 FORMAT (28A4)
184 FORMAT (2BA4)

END
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Routines GROUP, OTHERS and AGREE

Loop Occupant

Purpose  T h is  i s  a c o l l e c t i o n  o f  subprograms which e s t a b l i s h e s

t h e  s o c i a l  environment  o f  occupants  as  they  p r o g r e s s  

through the  s im u la te d  f i r e  e v e n t .  By c a l l i n g  upon t h e  r o u t i n e s  

OTHERS and AGREE, GROUP inform s  a g i v e n  occupant :  (1 )  whether  any

o t h e r  occupants  c o -o c c u p y  th e  s p a c e  w i t h  him; ( 2) whether  any o f  the  

o t h e r s  i n  t h e  sp ac e  p o s s e s s  i n f o r m a t i o n  c u r r e n t l y  unknown to him;

(3)  whether any o f  th e  o t h e r s  i n  th e  s p a c e  i s  i n ju r e d  or o t h e r w i s e  

i n  need o f  a s s i s t a n c e ;  and (4)  whether  a l l  t h e  occupants  i n  th e  

s p a c e  a r e  a b l e  to  a g r e e  upon an e f f e c t i v e  e x i t  r o u t e .

Formulas PSUM = 0 . 6 0  * SUM (10)

where:  PSUM = the  minimum number of  oc c u p a n t s

who must a g r e e  upon a s i n g l e  e x i t ;

SUM = t h e  t o t a l  number o f  occupants

im p ac t in g  t h e  c onsensus  p r o c e s s .
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fiAT.T. OTHERS

YES
*NOW AY(NTHIS)>0

NO

NONO
*00 CC KOOCC

YESYES

YES
CALL AGREEIOU

N /

D e te rm in e  w h e th e r  
OCC. s h a r e s  a p a c e  
w i t r i  o t h e r s ;  
w h a t i n f o r m a t i o n  
l a  p o s s e s s e d  by 
t h e  o t h e r s ,  an d  
w h e th e r  a l l  a g r e e  
on t h e  b e s t  
e x i t

Subrout ine  GROUP
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SUBROUTINE GROUP
C THE PURPOSE OF GROUP IS TO ESTRBLISH PHD UP DR ft THE SOCIAL ENVIRONTENT OF
C OCCUPANTS AS THEY PROGRESS THROUGH THE SIMULATED FIRE EVENT.

SUBROUTINE CROUP (NTHIS.NUrOCC.IHRNSI.KNOUAY.KOOCC.NHANDI,
-1 NKNOU.NBGREE.IAGREE)
DIMENSION KN0UAYC26)

C BETERMINE LUETHER THE OCCUPANT SHARES THE SPATIAL SUBDIVISION WITH OTHER
C OCCUPK: TS. UHST INFORMATION is possessed by the others, and uhether all
C SUBDIVISION AGREE ON THE BEST EXIT

CALL OTHERS (HTH1S.NUMDCC. IHANDl.KNOLBY.KOOCC.NHANDl.NKNOU)
IF (KNO'JAYCNTHIS).GT.B) CO TO 1 
IF (KOOCC.EQ.B) CO TO 993 
CO TO 2

I IF (KDDCC.EO.B) CO TO 999 
IF CNKNOU.EQ.B) CO TO 999

2 CPLL AGREE tNTHIS.NL’MOCC. IHRNDI.KNDURY, KOOCC.KHAND1, 
1 NKNOU.NAGP.EE. IAGREE)

999 RETURN 
END

2 0 0



START

S e t  f l a g

HO

YES

Record nunber 
o f handicapped 
o th e r s  
in  th e  
space

YES
NTHIS.

NO

YES
IH AITOI(I) -  1

HO

YES

NUMOCC

HO

KOOCCKOOCC

NHANDI -  
HHANDI + 1

1.1

Subroutine  OTHERS
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o

Record 
number of 
o th e rs  who 
know b e s t 
way out

1.1

YES
I  •  NTHIS

NO

YES

NO NKNOW -  
NKNOW + 1

YES

RETURN

Sub rou tine  OTHERS
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c
c
c
c
c
C SUBROUTINE OTHERS 
C
C THE PURPOSE OF OTHERS IS TO RECORD THE NUfBER OF OTHER OCCUPANTS IN THE 
C SUBDIVISION. OTHERS ESTABLISHES SEPARATE RECORDS FOR THE NUfBER OF IdSlLtTY 
C -ItBAIRED (HANDICAPPED) ODCRS, AND FOR THOSE KNOWING D C  UAY OUT.
C

SUBROUTINE OTHERS (NTHIS.NUMDCC, IHANDl.KNOUAY.KOOCC.HHAHDl.
1 HKNOU)
DlftNSION IHAND1C28>.KN0UAYC28>

C INITIALIZE COUNTERS
mcnou-b
NMANDI4 

C SET FLAG
IF CNVfCCC.CT.I) GO TO I
koocc-d
CO TO BBS 

I KOOCC'l
C RECORD NUrBSR OF FOBlllTY-lFPAIRED OTHERS IN THE SUBDIVISION 

DO 5B I-1.NUM0CC 
IF (I.EO.NTHIS) CO TO SO 
IF (IHANDI(I).EO.l) GO TO SI 
CO TO SO 

SI NHRIIDI'NHANDI*!
58 CONTINUE
C RECORD THE NUTBER OF OTHERS UNO KNOW THE BEST EXIT 

DO 60 I-I.NUFBCC 
IF (I.EO.NTHIS) GO TO 68 
IF (KNOUAYCI).CT.6) CO TO 61 
CO TO 68 

61 NKNOJ'NKNOUtl 
68 CONTINUE 
999 RETURN 

END
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START

I n i t i a l i z e
e x i t
co u n te rs

KONE -  0 
KTWO •  0 
KZERO- 0

Record numbers 
o f  occupan ts
who
advocate  
each e x i t

YESKONE -  
KONE + 1 KNOW AY ( I )

NO

YESKTWO -  
KTWO + 1

IOWAY(i;

YES iOWAY ( IKZERO -  
KZERO + 1

NO

YES

Convert 
co un ts to  
f lo a t in g *  
p o in t 
numbers

NO

ONE * KONE 
TWO -  KTWO 

ZERO -  KZERO

Subroutine  AGREE

204



0
Determ ine 
con»enBu6 
e x i t  of 
cho ice

SUM

ONE + TWO + ZERO

PSUM

0 .6 0  * SUM

YES ONE £  PSUM

TWO >  PSUM

NO

NAGREE-1

YES

NO

IAGREE-0IAGREE-1IAGREE-2

Subroutine  AGREE
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SUBROUTINE AGREE
THE PURPOSE OF AGREE IS TO DETERMINE ft CONSENSUS-EXIT-OF-CHOICE ftfOHC ALL 
OCCUPANTS OF A GIStN SPATIAL SUBDIVISION

SUBROUTINE AGREE (NTHIS.NUTDCC. INAND1.KNOURY.KOOCC.
I NHANDl.HKNOU.NAGREE.lACREE)

DIPENSION KNOUAV(28>
C INITIALIZE EXIT COUNTERS 

KONE*8
r r u o -8
KZERO-8

C  RECORD NUMBERS OF OCCUPANTS IHO ADVOCATE EACH EXIT 
80 58 1»1,MUMDCC 
IF (KN0URY(I).E0.1> SO TO 51
IF (KN0JAV(I).E0.2> CO TO 52
IF (KN0UAT(I).E0.8> GO TO S3
GO TO 58 

SI KONEKONE+I 
GO TO 58 

32 KTUO-FTUO+I 
GO TO 58 

53 KZEROMCZERO+1 
58 CONTINUE
C CONVERT COUNTS TO FLOATING POINT NUMBERS 

ONE-KONE 
HJO-KTUO 
ZERO-KZERO 

C BETERMINE CONSENSUS EXIT OF CHOICE 
SUM-ONE+TUO+ZERO 
PSUM-.6C*SUH
IF ((ONE.GE.PSUTO.OR.CTUO.GE.PSUtDJ GO TO 1 
NAGREE-8 
1AGREE>8 
GO TO 2

1 NAGREE'l
IF (ONE.SE.PSUM) GO TO 3  
IAGREE-2 
GO TO 2 

3  1ASREE-1
2 RETURN 

END
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Routine KPOSS

Loop Occupant

Purpose As an occupant moves through a bounded environm ent,

m otion in  c e r t a i n  d i r e c t i o n s  may be p o s s i b l e ,  w h i le  in  

o th e r s  i t  may be c o n s tr a in e d .  When he a r r i v e s  a t  a p a r t i c u l a r  p o in t  

in  s p a c e ,  th e  in d iv id u a l  b e g in s  lo o k in g  ahead and scanning  p o s s i ­

b i l i t i e s  fo r  h i s  n e x t  move d e c i s i o n .  He r e q u ir e s  a p e r c e p tu a l  

apparatus which perm its  him to  d i s t i n g u i s h  open p a th s  from th o se  

c o n s tr a in e d  by w a l l s  or o th e r  p h y s i c a l  b a r r i e r s .  As su b r o u t in e  

GROUP p r o v id e s  the  occupant w ith  means o f  p e r c e iv in g  th e  s o c i a l  

environm ent, su b r o u t in e  KPOSS p r o v id e s  "eyes" through which to  

d i s c e r n  h i s  immediate p h y s i c a l  environm ent. Namely, as  th e  occupant  

scan s  each p o t e n t i a l  move a l t e r n a t i v e ,  k, he d e term in es  which are  

p h y s i c a l l y  p o s s i b l e  to  a t t a i n ,  and which are  b lo c k e d .  B lock in g  by 

a r c h i t e c t u r a l  f e a t u r e s ,  e . g . ,  w a l l s ,  i s  i l l u s t r a t e d  in  F igu re  C.2 .  

KPOSS a l s o  responds to  in p u ts  from s u b r o u t in e  JAMMED. A s p a t i a l  

l o c a t i o n  which i s  crowded beyond an o c c u p a n t 's  l e v e l  o f  a c c ep ta n c e  

w i l l  be t r e a t e d  as  though i t  was b locked  o f f  by an inan im ate  p h y s i c a l  

b a r r ie r :  th e  in d iv id u a l  w i l l  e l im in a t e  th a t  a l t e r n a t i v e ,  k, from the

array o f  p o s s i b i l i t i e s  a v a i l a b l e  a t  tim e frame t .

Formulas n /a
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FIGUR1 C.

“ O

p e r s o n -o c c u p ia b le  l o c a t i o n  

p o s s i b l e  move

im p o s s ib le  move ( i . e . ,  b locked)

2 Possible vs. Impossible Spatial Movements

c u r r e n t ly  occu p ied  l o c a t i o n
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START
Convert s p a t ia l  
p o in t from 
k va lu e  to  x ,y  
c o o rd in a te s

CALL KTOXY Determine whether 
move a l te r n a t iv e  
in  q u e s tio n  I s  
" p o s s ib le "  ( I . e . ,  
la  no t blocked by 
a w a l l ,  o r  due to  
overcrow ding)

ICROSS*(XO(NTHIS)+XK)/2  

JCRO SS"(Y 0(N TH IS)+Y K )/2

YES
I  TOTBAR

NO

NO
I B A R ( I S , I , J )  -  ICROSS

YES

NO

I B A R ( I S , I , J )  »  JCROSS

YES

Subroutine  KPOSS
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The move 
a l t e r n a t iv e  in 
q u es tio n  i s  not 
p o s s ib le :  blocked 
by w a ll or over- 
crowding

Hove a l t e r n a t iv e  
i s  p o s s ib le :  
no v a i l

Check fo r  
crowding

YES
I  ENTER (K) -  0

NO

RETURN

Subroutine  KPOSS 
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c
c
t
c
c
C SUBROUTINE KPOSS 
C
C T*C PURPOSE OF KPOSS IS TO SCON THE OCCUPANT'S IffEDIATE PHYSICAL 
C ENVIRONrENT, AND TO DETERMINE tHETHER A POVE ALONG ANY DIRECTION IS
C RENDERED IffOSSIBLE BECAUSE OR EITHER A PHYSICAL CONSTRAINT (WALL) OR
C OVERCROUDING BY OTHER OCCUPANTS 
C

SUBROUTINE KPOSS OTIfC.NTHIS. IHANDI. INT. IBYSTD. IEVAL.
1 M). YO. IBAR.TOTBAR.XT.YT.NASREE.tt.YE. I AGREE. IRAND.
* P.TOVE.IOC.YK.K.L. IS. IGOALX. IGOALY, IENTER)
DIPENSION IBAR (20.75.2).IENTER(9>
INTEGER X0(2B),YD(28).)fl:.YK,TDTBAR 

C CONVERT SPATIAL POINT FROM K VALUE TO X,Y COORDINATES 
CALL KTOXY (ITIPE.NTHIS,IHANDI,INT.IBYSTD.IEVAL.
1 »,Y0. IBAR.TOTBAR.XT.YT.NAGREE.XE.YE. IAGREE. IRAND,

. 2 P.M3VE.»C.-*rtC.K>
C DETERMINE IHETHER THE MOVE ALTERNATIVE UNDER REVIEW IS POSSIBLE.
C I.E.. IS NOT BLOCKED BY A UALL. OR DUE TO OVERCROUDING

I CROSS• (XO (NTH 1S)+)«)/2 
JCR0SS*(YD(NTHIS)+YK>/2
i*e
j-i

i i*i+i
IF (I.GT.TDTBAR) CO TO 5
IF (IBAR(IS.I,J).EO.ICR05S) CO TO 2
GO TO I ’

2 J*J+1
IF (IBAR(IS. I.J) .ED. JCROSS) CO TO 4
J-J-l
CO TO I

4  CONTIHUE
C THE MOVE ALTERNATIVE UNDER REVIEW IS NOT POSSIBLE...IT IS BLOCKED BY A UALL
C CR BECAUSE OF OVERCROUDING

L*e
GO TO S

5 L*l
IF (IENTER(K>.EO.B> GO TO 4  

S RETURN
END
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Routine KTOXY

Loop Occupant

Purpose Two s p a t i a l  n o t a t io n  sy stem s a r e  employed by BFIRES:

The o r th o g o n a l  x ,y  c o o r d in a te  system  keeps tr a c k  o f  th e  

s p a t i a l  l o c a t i o n s  o f  w a l l  and door e le m e n ts ,  and o f  o c c u p a n ts .  The 

k -g r id  system  i s  used  in  c o n n e c t io n  w i th  th e  move a l t e r n a t i v e  

s e l e c t i o n  p r o c e s s .  The k -g r id  may be thought o f  in  terms o f  a 

compass d i a l ,  w ith  e ig h t  v e c t o r s  r a d ia t in g  outward from a c e n t r a l  

p o in t  (n o te  F ig u r e  C . 2 ) .  T h is  p o in t  d e n o te s  th e  c u r r en t  l o c a t i o n  of  

occupant n, w h i le  th e  v e c t o r s  r e p r e s e n t  p o t e n t i a l  movement p a th s .

A n in th  v e c t o r  a l s o  e x i s t s  to  d en o te  th e  c o n d i t io n  o f  r e m a in in g - in -  

p l a c e .  Each v e c t o r  on th e  k - g r id  i s  d e s ig n a te d  by a number ("1" 

through "9") . As an occupant moves through s p a c e ,  he " c a r r ie s "  h i s  

p e r so n a l  k - g r id  a lo n g  w ith  him, such t h a t  th e  c e n t r a l  p o in t  (k=5) 

always c o in c i d e s  w ith  h i s  c u r r en t  l o c a t i o n .  E x ecu t io n  o f  th e  v a r io u s  

su b r o u t in e s  o f t e n  r e q u ir e s  t r a n sfo r m a t io n s  between th e  x ,y  and k 

g r i d s .  T h is  i s  accom plish ed  by s u b r o u t in e  KTOXY ("k to  x , y " ) .

Formulas XK = XO 4- c 

YK = YO + c

where:

XK, YK = x and y c o o r d in a te s  o f  a new p o in t  which  

would be reached i f  v e c to r  k i s  s e l e c t e d ;

( 11)

( 12)
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XO, YO = c u r r e n t  x and y c o o r d in a te s  d e s c r ib in g  

o ccu p an t^ ’ s l o c a t i o n ;  

c = a c o n s ta n t  req u ire d  to  produce th e  a c t u a l  

l o c a t i o n a l  s h i f t .
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START

F o r s e l e c t e d  v a l u e  
o f  k ,  co m p u te  new 
x ,y  c o o r d i n a t e s  
(XX,YK) a s  a 
f u n c t i o n  o f  th e  
e x i s t i n g  o n e s  
(XO.YO)

YES

NO

YES

NO

YES

NO

YES

NO

YES

NO

YES

NO

YES
K - 7

NO

S ub rou tine  KTOXY

YK -  YO (NTHIS) +  2

XK -  XO(NTHIS)

XK -  XO(NTHIS)

YK -  YO(NTHIS) -  2

YK -  YO(NTHIS)

XK -  XO(NTHIS)

YK -  YO(NTHIS) -  2

XK -  XO(NTHIS) +  2

YK -  YO(NTHIS)

XK -  XO(NTHIS) -  2

YK -  YO(NTHIS) -  2

XK -  XO(NTHIS) -  2

YK -  YO(NTHIS) +  2

XK -  XO(NTHIS) -  2
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YES

NO

RETURN

YK -  YO(NTHIS) +  2

XK -  XO (NTHIS) +  2XK -  XO (NTHIS) +  2

YK -  YO(NTHIS)

Subroutine  KTOXY
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c
c
c'«
c
C SUBROUTINE KTDXV 
C
C THE PURPOSE OF IOOXY t'K TO K.Y*> IS TO CONVERT SPATIAL LOCATIONS FROM 
C K-GRID DESIGNATIONS TO X.Y COORDINATES 
C

SUBROUTINE KTOXYt 1TITE.NTHIS. IHANDI. INT. IBYSTD. IEVAL.
1 N3.Y0.1EAR.TOTBAR.XT. VT.NACREE.XE.YE. I AGREE. IRAND.
2 P.rOVE.NC.YK.K)
INTEGER W><2B>.YD(2B>.N:.YK 

C FOR THE VALUE OF K UNDER REVIEU. COTPUTE HEU X.Y COORDINATES tNC.YlC)
C AS A FUNCTION OF THE EXISTING ONES (XO.YO)

GO TO (1.2.3.4.5.C.T.B.93.K
1 NC»X0CHTHIS)“2 

YK*YD(NTHlS>-2 
GO TO IB

2 »-XDCNTHIS>-2 
VK-YDCNTH1S)
GO TO 18

2  NC"XDCNTHIS)-2
y k-ydinthisi+2 
GO TO IB

4  NCXO(NTNIS)
Y»Y0CNTHIS>-2 
GO TO IB

9 NC-XOtNTNIS)
YK-YO(NTHIS)
GO TO IB

5  NCN3CNTHIS)
YK>Y0(NTH1S>*2 
GO TO IB

T NC-WKHTHIS>+2
YK«Y0(NTHIS>-2 
GO TO IB 

• NC-X0(NTHIS>42
TK-YO (NTHIS)
GO TO IB

9 W.MUHTHIS3+2
YX*Y0(N'miS)+2 

IB RETURN
END
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Routine JAMMED

Loop Occupant

Purpose As occupants  move about during  a s im u la ted  f i r e ,  th e

p o p u la t io n  d e n s i t y  o f  th e  d i f f e r e n t  s p a t i a l  l o c a t i o n s  

v a r i e s .  Some mechanism i s  n e c e s s a r y  to  e n a b le  an occupant to  ga th er  

in fo r m a tio n  about the  d e n s i t y ,  or d egree  o f  p h y s i c a l  crowding, o f  

l o c a t i o n s  he may w ish  to  e n t e r .  JAMMED s a t i s f i e s  t h i s  n eed . As an 

occupant lo o k s  ahead and scans t a r g e t  a l t e r n a t i v e  l o c a t i o n s  a v a i l a b l e  

to  him, he cou n ts  th e  number o f  o th e r  i n d iv id u a l s  a lre a d y  occupying  

each . I f ,  f o r  any g iv e n  a l t e r n a t i v e  l o c a t i o n ,  t h i s  number i s  g r e a te r  

than h i s  p r e s e t  crowding t o le r a n c e ,  he r e j e c t s  th a t  a l t e r n a t i v e  from 

h i s  array o f  movement c h o i c e s .

Formulas n /a
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S c a n  e a c h  nerve  
a l t e r n a t i v e ,  a n d  
r e c o r d  w h e t h e r  
e a c h  n ew  l o c a t i o n  
l a  f i l l e d  t o  
c a p a c i t y

CALL KTOXY

JAM(K)

YES
NTHIS

NO

YESXK
YK

NO

JAM (K) -  

JAM(K) ♦ 1

NO

Sub rou tine  JAMMED
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0

YESXK
YK

XE
YE

NO

YES

NO

IEN TE R (K )

NO

YES

Subroutine  JAMMED
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SUBROUTINE JAItCD
C THE PURPOSE OF JflfTED IS TO ENABLE THE OCCUPANT TO GATHER INFORMATION ABOUT
C THE DEGREE OF 'CFOUDINC' OF LOCATIONS HE MAY UiSH TO ENTER...AS THE
C OCCUPANT SCANS THE ALTERNATIVE TARGET LOCATIONS AVAILABLE TO HIM. HE
C DETERMINES IHETHER EACH IS NON-ENTERABLE DUE TO OVERCROUDING

SUBROUTIIC JAFTED < ITIPE,NTHIS. IHANDI. INT. IBYSTD, IEVAL.
1 NO.TO, I BAR. TOTBAR. XT, YT. NAGREE, >£, YE, 1 AGREE. IRAND.
2 P.FCVE.XK.YK.K, 1ALLOU.NUMOCC. IENTER)
INTEGER WK20).Y0I2B).)«.YK,*.YE 
DirENSION JAM(9).IENTER(B>

C SCAN EACH MOVE ALTERNATIVE. AND RECORD IHETHER EACH NEU LOCATION IS FILLED 
C TO CAPACITY

do te e  k> ! .9
CALL KTOXY <IT!ME.NTHIS. IHANDI. 1HT. IBYSTD, IEVAL.
1 HD.YO. IBAR.TOTBAR.NT.YT.NAGREE.XE.YE. 1 AGREE. IRAND.
2 P.MDVE.IOC.YK.K)
JAMCtO-B
DO 200 N-l.NUMDCC
IF (N.EO.NTH1S) GO TO 200
IF (CXO CHO .EO.IOO .AND. (YOCN) .EQ.VK)) GOTO I
GO TO 200

1 JAMCIO-JAM(K>+l
200 CONTINUE

IF ((NC.EQ.ie) .AND. (YK.EQ. YE)) GO TO 2 
IF (JAM(K) .LT. IALLOU) GO TO 2 
GO TO 3

2 IENTER (10-1 
GO TO 100

3 IENTER (10-0
108 CONTINUE

RETURN
END
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Routine INTRPT

Loop Occupant

Purpose This su b r o u t in e  p r o b a b i l i s t i c a l l y  d e term in es  whether an

o c c u p a n t 's  g o a l - d i r e c t e d  b eh a v io r  w i l l  be in te r r u p te d  

during  tim e frame t .  The two modes o f  i n t e r r u p t io n  are  r e m a in in g - in -  

p la c e  and b a c k tr a c k in g .  Occupants are  a s s ig n e d  p r o b a b i l i t i e s  o f  

e n c o u n te r in g  such i n t e r r u p t io n s .  Each occupant i s  a l s o  a s s ig n e d  an 

i n t e r r u p t io n  l i m i t .  I f ,  during  th e  course  o f  a s im u la te d  e v e n t ,  an 

occupant has e x p e r ie n c e d  a number o f  i n t e r r u p t io n s  eq u a l  to  h i s  l i m i t ,  

he w i l l  n o t  " t o l e r a t e ” any more, and hence w i l l  ig n o r e  fu tu r e  

i n t e r r u p t i o n s .

Formulas n /a
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TES
D T O O fT H IS )- !

■0

■0 'ltm fD M (K T H IS )£ '
IH TLIH (H TH IS)

TES

( - )

(0 ) ,(+ )

\ /
TES

BO
INTHirM (N TH IS) 

'INTNUM (NTHIS) 
+1TES x<pia

BO

m  » i mW T

CNTNUM(NTHIS) 1
INTNUH(NTHIS)

+1

D e te rm in e  w h e th e r
OCC. e x p e r i e n c e *
•  r a u l n - l D - p I n c e
I n t e r r u p t i o n  (IN T -1 X  
a  b a c k - t r a c k  l n t e r -  
n ? t l o u  ( I N T - 2 ) ,  o r  
bo in te r r u p t io n  
a t  a i l  (IH T -O )

S u b rou tin e  INTRPT

222



c
c
c
c
c
C SUBROUTINE INTRPT
C
C THE PURPOSE OF INTRPT IS TO PROBABILISTICALLY DETERMINE IHETHER TIC
C OCCUPANT'S SOOL-DIRECTED BEHAVIOR UILL BE INTERRUPTED DURING TIIC FRRIC T .
c m o  raocs o f interruption ore available. remaining-in-place and
C BACKTRACKING. INTRPT DETERMINES WHETHER RN INTERRUPTION UILL OCCUR. RND
C L H 1CH rBDE UILL CONTROL.
C

SUBPOUTIIC INTRPT IITirE.NTHIS. IHRNDI, INT. 1BYSTD. 1EVAL.
1 XO.YO.IBAR.TOTBAR.XT.YT.NAGREE.XE.YE.IRGREE.
2 IRAND.P.MOVE.)«.YK.K.l. IS. IGOALX. I COALY. I ENTER.
3 X, INTLIM, INTR, INTNUM.PI2.PIB)
DIME-ISION 1NTN'JM(20>.IHTLIH<20>
Dire'iSION INTRC2B)

C DETERMINE IHETHER THE OCCUPANT E*>ER!ENCES R REMO IN- IN-PLACE INTERRUPTION 
C (INT-1). A BACKTRACK INTERRUPTION CINT-2). OR NO INTERRUPTION AT ALL (INT-B>

IF CINTR(NTHIS).EQ.I) CO TO 1 
IF (1NTNUMCNTHIS) .LE. INTLIM(NTHIS)) CO TO 2 
IMT-B 
RETURN

1 INT-2 
RETURN

2 CALL RANDOM C ITIPE.NTHIS. IHANDI. INT. IBYSTD. IEVAL.
1 XD.YO.IBAR.TOTEAE.XT.YT.NAGREE.XE.YE.IAGREE.
2 IRAND.P.TOVE.JOs. YK.K.L. IS. IGOALX. IGOALY. I ENTER.
3 X)

IF  OO 5 .C .S  
5 X-X*(-l)
C CONTINUE

. IF (X.LT.P12) CO TO 3
IF (X.LT.P10) CO TO 4 
I NT"!
INTNUMCNTHIS) “INTNUMCHTH!S)+I 
RETURN

3  intnum(nthis)*:ntnum(nthiS)+i 
INTRCNTHISI-l
INT-2
RETURN

4 INT-B 
RETURN 
END
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Routine BACKUP

Loop Occupant

Purpose I f  a b a c k tr a ck in g  in t e r r u p t io n  i s  evoked by su b r o u t in e

INTRPT, then BACKUP i s  c a l l e d .  BACKUP p r o c e s s e s  occu­

pants  who have e n ter e d  i n t o  t h i s  mode by r e t r a c in g  t h e i r  s t e p s  back  

toward t h e i r  i n i t i a l  s t a r t i n g  l o c a t i o n s .  Once an occupant has returned  

to  h i s  i n i t i a l  p o i n t ,  he i s  removed from the b a c k tr a ck in g  mode, and 

resumes th e  normal d ec is ionm akin g  and g o a ls e e k in g  p r o c e s s e s .

Formulas n /a



Q START ^

D e te rm in e  
b a c k - t r a c k  
a t e p  c o u n t

y e s

Determ ine
OCC. h a s  a t t a i n e dHO

g o a l  ( i . e . ,  h i s  
I n i t i a l  l o c a t i o n )

XO (NTHIS) -  m m o ( N T H I S )  
and

TO(HTHIS) -  DJITYO(KTHIS)

YES

NO

IBACK(NTHIS) INTR(NTHIS)

ZBACK(NTHZS) +  1 IBA CK(N TH IS)- 0

D e te rm in e  n e x t
b a c k - t r a c k
l o c a t i o n

NO
IBACK (N TH IS) ■ !

YES

YES
ITIM E> 1

NO

JTIM E(N TB IS) -  

ITIM E(N TH IS) -  1

JTIME(NTHXS) -  

JTIME (NTHIS) -  1
JTIM E(N TBIS) -  1

KTIME -  
JTIM E (NTHIS)

Subroutine  BACKUP
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D e te rm in e  
x , j  c o o r d i n a t e s  
o f  O C C .'a

HEWXO-IOB(RTBIS, KTIME)

HEWTOYOB(BTHlS,rTIME)

RETURN

Subroutine  BACKUP 
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SUBROUTINE BACKUP
C THE PURPOSE OF BPOCUP IS TO PROCESS OCCUPANTS THRUST INTO THE BACKTRACK 
C INTERRUPTION ftJDE. BACKUP RETRACES THEIR STEPS BACK TOWARD THEIR INITIAL
C START INC LOCATIONS. ONCE AT THIS LOCATION. OCCUPANTS REENTER THE NORMAL
C COAL-SEEKING (DDE.
C

SUBROUTINE BACKUP (IBACK,XD. VO. INITXO, INITYO.XOB.YOB.
I ITIME.NTHIS.NELKO.NEUYO, INTR. J T ir E )
DIIENSION IBACK (20). INJT)€)(26}.
I IN1TYD(28) ,JTITE (26). INTR (26)
INTEGER >®B<2e . l 80) . Y O B ( 2e ,  lB e> .X 0(28> .Y tiC .S >

C DETERMINE BACKTRACK STEP COUNT 
IF (lBACK(NTHIS).EO.B) GO TO I 

C DETERMINE IHETHER THE OCCUPANT HAS ATTAINED HIS BACKTRACK COAL 
IF ((XD(NTHIS).ED.INITXO (NTH IS)>.AND.

1 (YO(NTHIS) .EQ. IN1TYD(NTH1S>>> CO TO I  
I IBACK(HTH1S)-1BACK(NTH1S)+1 
C DETERMINE THE NEXT BACKTRACK LOCATION 

IF (IBACK(NTHIS).EQ.1> CO TO 2 
JTIft (NTHIS)-JTItt(HTHIS>-l 
GO TO 4

2 IF (ITIIC.CT.I) GO TO 21 
JTIft (NTHIS)»I 
CO TO 4 

21 JTIfC(NTH!S)-ITIME-I 
4 KTlFE»JTlr£(NTHIS)
C DETERMINE X.Y COORDINATES OF T *  OCCUPANT'S NEU LOCATION 

HE LK0-XD8 (NTHIS.KTITE)
NEUVO-YOB (NTHIS. KTId)
RETURN 

1 INTR(NTHIS)-B
1BACK(NTHIS)*B 
RETURN 
END

227



Routine EQUALZ

Loop Occupant

Purpose EQUALZ i s  one o f  th e  b ia s in g  r o u t in e s  a v a i l a b l e  to

s u b r o u t in e  ASSIGN. The fu n c t io n  o f  EQUALZ i s  to  s a t i s f y  

th e  c o n d i t io n  o f  no b i a s , t h a t  i s ,  th e  s i t u a t i o n  in  which the  

p r o b a b i l i t y  v a lu e s  o f  a v a i l a b l e  move a l t e r n a t i v e s  are  e q u a l iz e d .

An occupant e n t e r s  a s t a t e  of c o n fu s io n  whenever he i s  m ob ile  and 

u n in te r r u p te d ,  makes a n e g a t iv e  s t a t u s  e v a lu a t io n ,  and i s  unab le  to  

d i s c e r n  an e f f e c t i v e  e g r e s s  r o u t e .  He w i l l  remain i n  t h i s  c o n d i t io n  

u n t i l  he: ( 1) makes a p o s i t i v e  s a f e t y  s t a t u s  e v a lu a t io n ,  or

(2) l e a r n s  o f  an e f f e c t i v e  r o u t e ,  or (3) d e c id e s  to  e n te r  th e  

b a ck tra ck in g  in t e r r u p t io n  mode.

Formulas P(K) = l.O/NUMPOS (13)

where:

P(K) = th e  p r o b a b i l i t y  o f  s e l e c t i n g  th e  kth  move 

a l t e r n a t i v e ;

NUMPOS = th e  t o t a l  number o f  p o s s i b l e  a l t e r n a t i v e s  

a v a i l a b l e .
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START

NUMPOS

1.1

CALL KPOSS

NO

YES

NUMPOS -  NUMPOS +  1

IM PO SS(K )-0

YES

S e p a r a t e  
p o s s i b l e  m oves 
fro m  th o s e  
w h ic h  a r e  n o t  
p o s s i b l e

Subroutine  EQUALZ
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E s ta b lish  Bove 
p ro b a b i l i ty  v a lues 
f o r  a l l  p o ss ib le  
•ove  a l t e r n a t iv e s ,  
such th a t  a l l  
v a lu e s  a re  
equal

YES
IMPOSS(K)

NO

NO

YES

>J/
RETURN

P (K ) » 0 .0P (K ) -  1.0/NUM P0SS

Sub rou tine  EQUALZ
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b u b r o u t i*  edua lz

C W E  PURPOSE OF EDUALZ It TO SATISFY THE CONDITION OF NO DECISION BINS
C (INDECISION). THAT IS. THE CONDITION UNDER VMICH D C  PROBABILITY VALUES OF
C AVAILABLE MOVE ALTERNATIVES ARE ALL EQUALIZED
c

SUBROUTINE EOUALZt ITirt.NTHlS. I HAND I. INT. IBYSTD. IEVAL.
1 », TO. IBAR, TDTBAR.XT.YT,NAGREE. >£. YE. 1 AGREE.
2 lRAND.P.rCVE.MC. YK.K.L. IS. IGOALX. 1COALY. I ENTER)
INTEGER XO!20).YO(20).>OC.YK
DIMENSION IH»OSS (9). P (9)
HUTPOS-B

C IDENTIFY ALL POSSIBLE HIVE ALTERNATIVES 
DO 1 Ml.9
CALL KPOSS CIT1PE.NTHIS. IMANDI. INT. IBYSTD. IEVAL.
1 MO,YD, IBAR.TOTBAR.XT, YT.NAGREE.XE.YE. 1AGREE.
2 IRAND.P.NOVE.MC. YK.K.L. IS. IGOALX. IGOALY. I ENTER)
IF (L.EO.I) CO TO 2
CO TO 3

2 NLTPOS-NUTPOS+1 
irposs(K><«
CO TO 1

3 IfFOSSCO-l
I CONTINUE
C ESTABLISH hive probability values for all possible move alternatives.
C SUCH THAT ALL VALUES ARE EQUAL 

DO 4 Ml.9
IF (IrfOSS(K).EO.l) CO TO S 
P (K > • 1. B/FLOATI NUfPOS)
CO TO 4 

5 P(K)-9.B
4 CONTINUE 

RETURN 
END
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Routine TBIAS

Loop Occupant

Purpose Sub rou tine  TBIAS e f f e c t u a t e s  " th r e a t  evasion "  movement

b e h a v io r .  Whenever t h i s  b i a s in g  r o u t in e  i s  a s s ig n e d ,  i t

e s t a b l i s h e s  move s e l e c t i o n  p r o b a b i l i t i e s  which "favor" moves 

m axim izing th e  o c c u p a n t 's  d i s t a n c e  from th e  f i r e  t h r e a t  ( th r e a te n e d  

e x i t ) . TBIAS i s  a s s ig n e d  i f  th e  occupant:  (1 )  i s  m o b ile  and

u n in te r r u p te d  during th e  cu r r en t  t im e fram e, ( 2) i s  o p e r a t in g  

under a p o s i t i v e  s t a t u s  p e r c e p t io n ,  (3) has no e x i t  r o u te  in  mind, 

and (4) knows th e  l o c a t i o n  o f  th e  t h r e a t .

Formulas DIST(K) = SQRT((XT-XK)2+(YT-YK)2) (14)

P(K) * DIST(K)/TOTDST (15)

where:

DIST(K) = l in e a r  d i s t a n c e  between an a l t e r n a t i v e

l o c a t i o n  and th e  th r e a t  l o c a t i o n ;

XT,YT = x ,y  c o o r d in a te s  o f  th e  th r e a t  l o c a t i o n ;

XK,YK = x , y  c o o r d in a te s  o f  th e  kth  a l t e r n a t i v e

l o c a t i o n ;

P(K) = p r o b a b i l i t y  o f  s e l e c t i n g  th e  kth  a l t e r n a t i v e ;

TOTDST = ~*DIST(K)£ ( 16)
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1TART ^

TOTDST

I d e n t i f y  a l l  
p o s s i b l e  mov< 
a l t e r n a t i v e s

CALL KPOSS
F o r  e a c h  p o s s i b l e  
m o v e , co m p u te  
t h e  d i s t a n c e  
fro m  t h e  new 
l o c a t i o n  t o  t h e  
t h r e a t

YES

NO

N(K) M{K)

D IST(K ) -  SQRT 

( (XT-XK) 2+ (YT-YK)2 )

TOTDST-TOTDST+DIST(K)

NO

YES

Subroutine T B I A S
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For e a c h  
p o s s ib le  aove K, 
cocupute th e  
p r o b a b i l i ty  of
s e l e c t i o n ,  P (K )

YES
M(K)

NO

NO

YES

RETURN

P(K ) 0.0 P (K)*D1ST (K) /TOTOST

S ub rou tine  TBIAS 
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c
c
c
c
c
C BUSRDUTINE TBIAS
c
C THE PURPOSE OF TBIAS IS TO EFFECTUATE ‘THREAT EVASION* MOVEMENT BEHAVIOR.
C WHENEVER TBIAS IS ASSIGNED. HOVE PROBABILITY VALUES ARE ESTABLISHED IN SUCH
C A WAY AS TO "FAVOR* TOVES UHICH MAXIMIZE THE OCCUPANT'S DISTANCE FROM
C THREATENING STIMULI

C
SUERO’JTINE TBIAS < 1TITE.NTHIS. I HAND I. INT. IBYSTD. IEVAL.
1 W). YD. IBAR.TOTBAR. XT.YT.NAGREE.«,YE.IAGREE.
I IRA’ID.P.MOVE.W.YK.K.L, IS. IGOALX. IGOALY. IENTER)
INTEGER XD(20).YO(2B) .XT.YT.W.YK 
DIMENSION MC9).DIST(9).P19>
TOTDE7*0.

C IDENTIFY ALL POSSIBLE MOVE ALTERNATIVES 
DO IB X»1.9
CELL ICPOSS CITITE.NTHIS.IHAND1. HIT.IBYSTD.IEVAL.
1 XD.YC.IBAR.TDTBAC. XT.YT.NAGREE. HE,YE.IAGREE.
2 IRAND.P.MOVE.W.YK.tC.L. IS, IGOALX, IGOALY. IENTER)

C FOR EACH POSSIBLE MOVE. COTPUTE THE DISTANCE FROM THE NEU LOCATION TO THE 
C THREAT

IF (L.EO.I) CO TO I 
• ft(K)«I 

CO TO IB
1 n<K)»B

DIST(K) •SORTCFLOATI CXT-WOw »2+CYT-YK>*b*2)>
TOTDST-TOITST+D IST(K)

IB CONTINUE
C
C: FOR EACH POSSIBLE MOVE. COMPUTE THE TOVE-PROB.. P « ) :
C
C FOR EACH POSSIBLE MOVE, COTPUTE THE PROBABILITY OF SELECTION. PCX)

DO IS K-I.9
IF (M(K).EO.B) CO TO 2
pco-e.
GO TO 15

2 P CK) «D ISTCIO/TOTDST
15 CONTINUE

RETURN
END
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Routine EBIAS

Loop Occupant

Purpose For a l l  move a l t e r n a t i v e s  a v a i l a b l e  to  an occupant a t  a

g iv e n  p o in t  in  t im e , su b r o u t in e  EBIAS w e ig h ts  move 

s e l e c t i o n  p r o b a b i l i t i e s  to  favor  moves which m inim ize  the  o c c u p a n t 's  

d i s t a n c e  from an e x i t  g o a l  p o i n t .  An o c c u p a n t 's  d ec is ion m ak in g  

s t r a t e g y  i s  routed  through EBIAS i f  he: (1) i s  m ob ile  and un in ­

te r r u p te d  during th e  cu r r en t  tim e frame, ( 2) i s  o p e r a t in g  under a 

p o s i t i v e  s t a t u s  p e r c e p t io n ,  and (3) has a s p e c i f i c  e g r e s s  r o u t in e  

in  mind.

Formulas DIST(K) -  SQRT( (IGOALX-XK)2+(IGOALY-YK)2)

P(K) = A(K)/SUMA 

A(K) = TOTDST/DIST(K)

P(K )* = l.O/ZERO

where:

DIST(K) = l in e a r  d i s t a n c e  from new l o c a t i o n  d e s ig n a te d  

by k, to  th e  agreed-upon e x i t  from space i ;  

IGOALX, IGOALY = x ,y  c o o r d in a te s  o f  the  agreed-upon  

e x i t  from sp ace  i ;

XK,YK = x ,y  c o o r d in a te s  o f  th e  s p a t i a l  l o c a t i o n  denoted  

by k;

(17)

(18)

(19)

( 20)
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P(K) * th e  p r o b a b i l i t y  o f  s e l e c t i n g  th e  kth  move

a l t e r n a t i v e ,  under th e  c o n d i t io n  th a t  not

more than one a l t e r n a t i v e  le a d s  d i r e c t l y  

through an e x i t  from sp a ce  i ,  d u r in t  t ;

TOTST = £§*DIST(K) (21)

4 *SUMA = j^|A(K) (22)

P(K)* = th e  p r o b a b i l i t y  o f  s e l e c t i n g  an a l t e r n a t i v e  

which l e a d s  d i r e c t l y  through an e x i t  from 

sp ace  i ,  on ly  under th e  c o n d i t io n  th a t  more 

than one a l t e r n a t i v e  le a d s  through such an 

e x i t ;

ZERO = th e  t o t a l  number o f  a l t e r n a t i v e s  le a d in g

d i r e c t l y  through an e x i t  from space  i ,  during t ,
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START

TOTDST

SUMA

I d e n t i f y  a l l  
p o s s i b l e  m ove 
a l t e r n a t i v e s

CALL KPOSS

F o r  e a c h  p o s s i b l e  
m o v e , co m p u te  th e  
d i s t a n c e  fro m  new 
l o c a t i o n  t o  a g r e e d -  
u p o n  e x i t

YES

NO

M(K)M(K)

D IST (K ) ■ SORT i(IGOALX 
( I S , IAGREE)-XK) + (IGOALY 
(IS  t IAGREE)-YK) ))

TOTDST-TOTDST+DIST (K)

NO

YES

S ubroutine  EBIAS
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F o r  e a c h  
p o s s i b l e  move K, 
cm pute  th e  
p r o b s b i l i t y  o f  
• • l e c t i o n ,  P(K)

YES
H(K)

NO

YES
D IST(K ) 0.0

NO

A (K)*TOTDST/DIST(K)

SUMA*SUMA+A(K)

NO

YES

Sub rou tine  EBIAS
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YES
M ( K )

NO

YES
DIST (K) 0.0

NO

P(K ) P (K ) *  A(K)/SUMA0 . 0

YES
K < 9

NO

ZERO -  0 .0

Subroutine  EBIAS
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TBS
MOO -  1

NO

YES
DXST(K) 0.0

NO
ZEROZERO+1

NO

YES

YES
M(K)

NO

YES

D IST(K) 0.0

NO

0.0

NO

Sub rou tine  EBIAS

RETURN
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SUBROUTINE EBIAS
THE PURPOSE OF EBIAS IS TO EFFECTUATE COAL SEEKING MOVEMENT BEHAVIOR. 
EBIAS HEIGHTS MOVE SELECTION PROBABILITIES TO 'FAVOR' MOVES UH1CH 
MINIMIZE THE OCCUPANT'S DISTANCE TO AN EXIT COAL
SUBROUTINE EBIAS! ITIrC.NTHIS. IHANOI, INT. IBYSTD. IEVAL.
1 XO.TO, IBAR.TDTBAR.XT. YT,NAGREE.XE.YE. I AGREE.
2 IRAND.P.TDVE.WC.YK.K.L. IS. IGOALX. IGOALY. IEHTER)
INTEGER XOC20>.YDt20>,XEUe>.VECI8).>«:.YX 
DlrEHSIDN M(9).DIST(9).A (9),PC9)
DIMENSION 1G0ALXC2B, IB) • IG0ALYC2B. IB)
TOTDST-8.
SUMA-0.

C IDENTIFY all possible move alternatives 
BO IB K-1.9

CALL KPOSS (ITIME.NTHIS. IHANDI. INT. IBYSTD. IE\*L.
1 JC.YD. IBAR. TOTBAR. XT. YT. NAGREE.)«, YE, I AGREE.
2 IRAND.P.MDVE.XC.YK.K.L,IS.IGOALX.IGOALY.IENTER!

C FOR EACH POSSIBLE MOVE. COrPUTE THE DISTANCE FROM THE * U  LOCATION TO THE 
C AGREED-UPON-EX1T

IF (L.EO.l) GO TO I ,
M (K > .|
GO TO IB

1 H(K)-8
DI ST (K) -SORT (FLOAT < (I GOALXt IS. I AGREE) ->*) ■«+
1 CIGOALY! IS, IAGRE£)-YK) wG>>
TOTDST -TOTDST+DIST<K>

IB CONTINUE
C FOR EACH POSSIBLE MOVE. COMPUTE THE PROBABILITY Of SELECTION. PCK!

DO IS K-1.9
IF (M(K).EO.t) GO TO 15 
IF (DIST(K).EO.B.) CO TO IS 
A(K)-TOTDST/DIST(K>
SUMA -SUMA-A ! K >

IS CONTINUE 
C

K-e
2 K-K+l

IF (M(K).EO.l) GO TO 3 
IF (DIST(K).EQ.B.) GO TO 5 
P(K)-A(K!/SUMA 
GO TO 4

3 P(K).B.
4  IF CK.LT.9) GO TO 2 

RETURN
5 ZERO-0.

DO 20 K-1.9 
IF(M(K).EQ.I> CO TO 20 
IF (DI5T (K).EQ.e.) GO TO C 
GO TO 20 

G 2ER0-ZER0+1.
28 CONTINUE

DO 25 K-1.9
IF (M(K).EO. 1> GO TO 287 
IF (D1STCK!.EQ.8.) GO TO 7 

787 PCKI-0.8
GO TO 25 

7 PCKI-I.V2ER0
25 CONTINUE

' RETURN
END
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Routines DOORS1 and DOORS2

Loop Occupant

Purpose As p a r t  o f  i t s  move s e l e c t i o n  f u n c t io n ,  su b r o u t in e

ASSIGN c o n t r o l s  th e  m an ip u la t ion  o f  doors by o ccu p an ts .  

For exam ple, when an in d iv id u a l  en cou n ters  a c lo s e d  door, th e re  i s  

some p r o b a b i l i t y  th a t  he w i l l  open i t ,  and some chance th a t  he w i l l  

n o t .  I f  he chooses  not  to  open the  door, the  through-door move 

a l t e r n a t i v e  i s  d e l e t e d ,  and the  p r o b a b i l i t y  v a lu e s  o f  rem aining a l t e r ­

n a t iv e s  are a d ju s te d  so as to  m ain ta in  a sum o f  u n i t y .  T h is  f u n c t io n  

i s  c o n t r o l l e d  by su b r o u t in e  D00RS1. M oreover, i f  the  occupant indeed  

p a s s e s  through an open door, he may or may not c l o s e  i t  behind him. 

Subroutine  D00RS2 c o n t r o l s  t h i s  b eh a v io r .

Formulas SUM = SUM+P (K) (23)

DIFF = 1 . 0 - SUM (24)

SHARE = DIFF/NPOSS (25)

P(K)* = P(K)+SHARE (26)

where:

SUM = cum ulative  sum o f  p r o b a b i l i t y  v a lu e s  for  a l l  

k v e c t o r s ;

P(K) = l i k e l i h o o d  o f  s e l e c t i n g  move k;

SHARE = p r o p o r t io n  o f  cum ulat ive  p r o b a b i l i t y  which must 

be r e d i s t r ib u t e d  under th e  c o n d i t io n  th a t  the  

through-door a l t e r n a t i v e  has been d e le t e d ;

243



NPOSS

P(K)*

t o t a l  number o f  p o s s i b l e  moves a v a i la b l e  

during t ;

new v a lu e  o f  P (K ), a f t e r  cu m u la t ive  p r o b a b i l i t y  

has been r e d i s t r ib u t e d .



D e te rm in e  w h e th e r  
an y  move 
a l t e r n a t i v e ,  k ,  
r e q u i r e s  p a s s i n g  
th r o u g h  a  d o o r

K -  K+l

NO

YES
CALL KTOXY

ICROSS*(XO(NTHIS) +X K )/2  
JCHD SS*(Y O (NTHIS)+YK )/2

1+1 MDOOR

YES
I  >ND

NO
ID O O R (I, J )  *IC F 0S 5

YES

J + l

YES
IO O O R (I»J)"JC R D S S

Sub rou tine  DOORS1j - i
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R e c o rd  d o o r  
a t  A p p r o p r ia t e  
move A l t e r n a t i v e

MDOOR -  K

X-RANDNU(O)

(0 ) ,  (+)

X -X M -1 )

X<POPEN (NTHIS)

ID O O R (I ,4 ) -1

P(MDOOR)* 0 .0

I f  d o o r  i s  i n  th e  
o p e n  p o s i t i o n ,  
R e t u r n .  O th e rw is e #  
d e t e r m i n e  w h e th e r  
O cc . o p e n s  t h e  d o o r

O cc i  o p e n s  t h e  
c l o s e d  d o o r

O c c ^ l e a v e s  
t h e  d o o r  c l o s e d

Sub rou tine  D00RS1



o

X
SUN *
NPOSS

» 0 
0 .0  
-  0

\ t

K - K+l

NO

\ /

CALL KPOSS

NPOSS -  HPOSS 4  1 

SUM *  SUM 4  P (K )

D o o r  l e f t  c l o s e d ;  
t h i s  n o v e  
a l t e r n a t i v e  n o  
l o n g e r  i s  a p p l i c a b l e ;  
r e - c c t q p u t e  m ove 
p r o b a b i l i t i e s  f o r  
t h e  r e g a i n i n g  m ove  
a l t e r n a t i v e s

SHARE -  DXFF/NPO SS

S ubroutine  DOORS1
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K - 1,1

CALL KPOSS

L *  1

P  (K) «  P (K )  +  SHARE

NO
K *  9

RETURN 3

Subroutine  DOORS1



c
c
c
c
c
C M R O U T D C  DOORSI
c
C W E  PURPOSE OF BOORS1 IS Til DETERMIHE I4CTNER T>C OCCUPANT UILL OPEN A
C CLOSED BOOR LM1CH IS ALONG RN ALTERNATIVE IINErENT PATH AVAILABLE TO MIPL..

C OPENING I X  DOOR DOES NOT GUARANTEE WAT W E  OCCUPANT UILL PASS THIOUGH IT
C ...IF HE DECIDES TO LEAVE THE DOOR CLOSED. HOWEVER. THE THRU-DOOR MOVE
C ALTERNATIVE UILL BE CANCELED. AND THE MOVE PROBABILITIES UILL BE
C RECOTPUTED
C

SUBROUTINE DOORSI (ITIME.NTHIS. IHANDI. INT. IBYSTD. IEVAL.
1 NO. VO. IBAR.TOTBAR.XT.Y’T.NAGREE.XE. YE. I AGREE.
2 IRAND.P.MOVE.XC.YK.K.L. IS. IGOALX. I COALY. I ENTER.
2 X. I DOOR, POPEN, ND. MDDOR. PCLOSE. IX)
BlrENSION P(9),1DOORC3B.4).POPEN(2B)
INTEGER XOC20),YO(20>.ttc. YK.TOTBAP 

C DETERMINE IMETHER ANY PEvE ALTERNATIVE REQUIRES PASSING THROUGH A DOOR
K«B 

S KK+I
5 CALL KTOXY IITIPE.NTHIS. IHANDI. INT. IBYSTD. IEVAL.

1 XO.YD. IBAR.TOTBAR.XT. YT.NAGREE.X.YE. 1 AGREE.
2 IRAND,P.)*VE,>«.V1C.K>
ICR0SS-(X0(NWIS)+)«C>/2
JCR0SS-(YDCNWIS)+YK>/2
1-0
J-6 
J»1 

> I-I+l
IF (I.GT.HD) CO TO 1 
IF (IDOORC 1.J1.E0. ICROSS) GO TO 2 
GO TO 3

2 J-J+l
IF (IDOOR(I.J).EQ.JCROSS) GO TO 4 
J-J-l 
GO TO 3

1 MDOOR-B
IF OC.EO.9) GO TO 999 
GO TO 5

C RECORD DOOR AT APPROPRIATE MOVE ALTERNATIVE 
4 IX-1

fBOOS-K
C IF DOOR IS IN THE OPEN POSITION (ID00R(1.4)*1)>. RETURN.. .OTHERWISE.
C DETERMINE UHETHER THE OCCUPANT OPENS THE DOOR

IF (IDOORC1.4).EO.l) CO TO 999 
CALL RANDOM (ITIPE.NTHIS.IHANDI.INT.IBYSTD.IEVAL.
1 XO.YD. IBAR.TOTBAR.XT.YT.NAGREE.X.YE. 1AGREE.
2 IRAND.P.MOVE.MC.YK.K.L. IS. 1C0ALX. I COALY. 1ENTER.X)
IF (X) S5.S6.96

55 X-X»(-l)
56 IF (X.LT.P0PENCNTHIS1) GO TO 6 
C THE OCCUPANT OPENS THE DOOR

ID00R(I.4)«1 
RETURN 
GO TD 999

C W E  OCCUPANT LEAVES THE DOOR CLOSED
6 PCMDOORl-B.B
C W E  DOOR HAS BEEN LEFT CLOSED...WIS MOVE ALTERNATIVE IS NO LONGER
C APPLICA2LE...RECOMPUTE MOVE PROBABILITIES FOR W E  REMAINING MOVE
C ALTERNATIVES

K-0
sun-e. e 
nposs-b 

r ic-k+1
IF (K.GT.9) GO TO 9
CALL KPDSS (ITIrE.NWlS. IHANDI, INT. IBYSTD, IEVAL.
1 XD.YO. IBPR.TOTEAR.XT.YT.NRGREE.XE.YE. I AGREE,
2 IRAND.P.rcVE.XK.YK.L.L. IS. IGOALX. I COALY. I ENTER) 
IF (L.EO.I) GO TO B
CO TD 7 

B NPOSS-NPOSS+I
SUH-SUM+PIK)
GO TD T 9 D1FF-1.B-SUM
SHARE -D IFF/FLOAT O P  OSS)

. DO 25 K-1,9
CALL KPOSS (ITIfE.NWIS. IHANDI, INT. IBYSTD. IEWL.
1 XO.YO.IBAR.TOTBAR.XT.YT.NAGPEE.X.YE.IAGREE.
2 IRAND.P.MDVE.lOC.YX.tC.L. IS. IGOALX. IGOALY. I ENTER) 
IF (L.EO.I) CO TD IB
GO TO 25 

IB P(IC) -PCIO+SHARE 
25 CONTINUE
999 RETURN

END
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D e te rm in e  w h e th e r  
O cc^ p e a s e s  
th r o u g h  a  d o o rw ay

YES
MDOOR

NO

NO
MOVE -  MDOOR

D e te rm in e  w h e th e r  
t h e  d o o r  i s  o f  t h e  
m a n u a l - c l o s i n g  
ty p e ;
ID O 0 R (IX ,3 )* 0

YES

NO
IDOOR ( IX , 3) *0

D e te rm in e  w h e th e r  
O cc. c l o s e s  t h e  
d o o r  a f t e r  p a s s i n g  
t h r o u g h :  ID O O R (IX ,4) 
r e s e t  t o  0

YES

(0) ,  (+)

YES

X <PCLOSE (NTHIS)

NO

Subroutine  D00RS2RETURN

tD O O R (IX ,4 )-0
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SUBROUTINE DOORS2
C THE PURPOSE OF D00RS2 IS TO DETERMINE UHETHER THE OCCUPANT CLOSES A BOOR
C BEHIND HIM. ONCE HE HAS PASSED THROUGH (ONLY APPLICABLE FOR T *  CASE OF
C MANUALLY-OPERATED DOORS)

SUBROUTINE DOORS2 CITltt.NTHIS. IHANDI, INT. IBYSTD. IEVAL.
1 XO.YD. IBAR.TOTBAR.XT.YT.NAGREE.YE.YE. I AGREE,
2 IRAND.P.MOVE.YX.YK.K.L, IS. IGOALX. 1GOALY.IENTER.
S X.IDOOR,POPEN.ND. MDOOR.PCIOSE.IX)
DIMENSION lDOOR3B.4),PCLOSE(2B)
IF (MDOOR.EO.B) GO TD >99 
IF (MOVE.EO.MDOOR) GO TD I 
V  TO 999

C BET TUNE IMETHER THE DOOR IS OF THE MANUALLY-OPERATING TYPE. I.E..
C IDOOR (IX. J) -S
1 IF (IDOOR(IX.3).EO.B) GO TD 2

GO TO 999
C DETERMINE IWETHER THE OCCUPANT CLOSES THE DOOR AFTER PASSING THOUGH.
C IN UHJCH CASE. IDOORC 1X.4) IS RESET TD B. DENOTING T>C CLOSED POSITION
2 CALL RANDOM C IT ICE, NTH IS, IHANDI. INT. IBYSTD .IEVAL,

1 XD.YO.IBAR.TDTBAR.XT.YT.NAGREE.tt.YE.IAGREE.
2 IRAND.P.MOVE.MC.YTC.K.L. IS. IGOALX. 1GOALY.
S I ENTER.X)

IF (X) 55.56.56
55 X-XoC-I)
56 IF CX.LT.PCLOSECNTHIS) > GO TO 999 

IDOORCIX.4>*B
999 RETURN 

END
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Routines EVAL8 and EVAL20

Loop Occupant

Purpose The d i r e c t i o n  o f  move p r o b a b i l i t y  b i a s i n g  f r e q u e n t ly

depends upon an o c c u p a n t 's  cu r r en t  e v a lu a t io n  o f  h i s  

own s a f e t y  s t a t u s  ( h i s  s p a t i a l  l o c a t i o n  w ith  r e s p e c t  to  th o s e  o f  th e  

e x i t  g o a l  and th e  t h r e a t ) .  E v a lu a t io n s  may be p o s i t i v e  or n e g a t iv e :  

a p o s i t i v e  e v a lu a t io n  r e s u l t s  whenever an occupant p e r c e iv e s  h i s  

s t a t u s  to  have improved between tim e t - 1  and t im e t .  BFIRES p r o v id e s  

two u s e r - c a l l e d  o p t io n s  fo r  the  e v a lu a t io n  o f  s a f e t y  s t a t u s :  EVAL8 

and EVAL20.

EVAL8 c o n s tr u c t s  e v a lu a t io n s  p u r e ly  on th e  b a s i s  o f  s t r a i g h t - l i n e  

d i s t a n c e  measurements between an o c c u p a n t 's  cu rren t  l o c a t i o n  and th o se  

o f  t h r e a t s  and e x i t s .  A p o s i t i v e  e v a lu a t io n  r e s u l t s  whenever th e  

o c c u p a n t 's  p e r c e iv e d  s t a t u s  a t  time t  i s  b e t t e r  than a t  t im e t - 1  

( i . e . ,  he i s  n earer  to  an e x i t  g o a l ,  and /or  f a r t h e r  from th e  t r e a t ) .

EVAL20, on th e  o th e r  hand, e v a lu a te s  e g r e s s  p r o g r e ss  r e l a t i v e  to  

the  t o t a l  e la p s e d  time an occupant has sp e n t  in  th e  t h r e a te n in g  

environm ent. A move in  a seem in g ly  th r e a te n in g  d i r e c t i o n  may not be  

p e r c e iv e d  as n e g a t iv e ,  i f  th e  occupant th in k s  (on th e  w hole) he s t i l l  

has ample tim e l e f t  to  escap e  s a f e l y .

Formulas EVAL8 :

TDIST = SQRT((XO-XT)2+(YO-YT)2 ) (27)

PTDIST = TDIST (28)
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TCHANG = TDIST-PTDIST

EDIST = SQRT((XO-IGOALX)2+(YO-IGOALY)2)

(29)

(30)

PEDIST = EDIST (31)

ECHANG = EDIST-PEDIST (32)

w h er e :

TDIST = d i s t a n c e  between occupant n and the  th r e a t  a t  t;  

XO,YO = x ,y  c o o r d in a te s  o f  occupant n ' s  cu rren t

XT,YT = x ,y  c o o r d in a te s  o f  th e  th r e a t  l o c a t i o n ;

PTDIST = d i s t a n c e  between occupant n and th e  t h r e a t  a t  t - 1 ;

TCHANG = change in  d i s t a n c e  betw een occupant n and the  

t h r e a t ,  between time frames t - 1  and t ;

EDIST = d i s t a n c e  between occupant n and th e  ag reed -  

upon e x i t  from sp ace  i ;

IGOALX, IGOALY = x , y  c o o r d in a te s  o f  the  agreed-upon  

e x i t  from sp ace  i ;

PEDIST = th e  d i s t a n c e  between occupant n and th e  ag reed -  

upon e x i t ,  a t  t - 1 ;

ECHANG = change in  d i s t a n c e  between occupant n and the  

agreed-upon e x i t  from space  i ,  between time  

frames t - 1  and t .

l o c a t i o n ;

Formulas EVAL20:

2 2 TEST = SQRT( (XO-XE) +(Y0-YE) ) (33)

TDIST = TTIME-TIME (34)

253



TDIST* = TTIME-MXTIME

QDIST = SQRT((XO-XT)2+(YO-YT)2)

TDIST** = TIME

(35)

(36)

(37)

where:

TEST = d i s t a n c e  between occupant n ' s  curren t

l o c a t i o n  and the  agreed-upon e x i t  from the  

f l o o r ;

XO,YO = x ,y  c o o r d in a te s  o f  occupant n ' s  cu rren t  

l o c a t i o n ;

XE,YE = x ,y  c o o r d in a te s  o f  agreed-upon e x i t  from the  

f l o o r ;

TDIST = time d i s t a n c e  f a c t o r  w ith  r e s p e c t  to  th e  e x i t  

l o c a t i o n ,  under th e  c o n d i t io n  th a t  th e  e la p se d  

tim e i s  g r e a te r  than th e  c r i t i c a l  t im e;

TTIME = t o t a l  number o f  time frames in  the  e v e n t;

TIME = e la p se d  tim e;

TDIST* = time d i s t a n c e  f a c t o r  w ith  r e s p e c t  to  th e  e x i t  

l o c a t i o n  under th e  c o n d i t io n  t h a t  th e  e la p se d  

t im e i s  l e s s  than the c r i t i c a l  t im e;

MXTIME = c r i t i c a l  t im e;

QDIST = d i s ta n c e  between occupant n ' s  cu rren t  l o c a t i o n  

and th e  th r e a t  l o c a t i o n ;

XT,YT = x ,y  c o o r d in a te s  o f  the  th r e a t  l o c a t i o n ;

TDIST** = time d i s ta n c e  f a c t o r  w ith  r e s p e c t  to  the  

th r e a t  l o c a t i o n ,  under th e  c o n d i t io n  th a t  

th e  e la p se d  time i s  l e s s  than th e  c r i t i c a l  

t im e .
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T D IS T  -  S Q P T ((X D (N T H IS )- 
XT) +  (YO (H T O IS ) -Y T ) ) )

D e t e r m in e  O c c . ' s  
p r e s e n t  d i s t a n c e  
f ro m  t h e  t h r e a t  
( i f  kn o w n  t o  h i m ) , 

a n d  c o m p u te  c h a n g e  
s i n c e  l a s t  m ove

G>
G>

NO

V

------------------------------------

f

P T D IS T  (N T H I5 ) -T D IS T

N

f
\

/

TC H A N G -TD IST- 

P T D IS T  (N T H IS )

IAGREE> 0

TCHANG ±  0 . 0

Subroutine  EVAL8
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EDIST -  SQRTi(XO(OTHIS)-IGOALX 
( I S , IAGREE)) >  (YO < NTH I S ) - IGOALY 
( I S i IAGREE)) ) )

YES
ITIME >  I

NO

PED IST(NTHIS) -ED IST

ECHANG -  EDIST

PEDIST(NTHIS)

D e te rm in e  O c c .*8 
p r e s e n t  d i s t a n c e  
fro m  t h e  b e s t  
e x i t *  an d  com pu te  
c h a n g e  s i n c e  l a s t  
move____

R e c o rd  c u r r e n t  
s t a t u s  e v a l u a t i o n :  
IEV A L-1: p o s i t i v e  
IEVAL-0 : n e g a t i v e

ECHANG

IEVAL -  1

Subroutine  EVAL8



PTDIST (NTHIS) «  TOIS1 

PEDIST(NTHIS) * EDIST

U p d a te  v a l u e s  
o f  PTDIST and  
PEDIST f o r  n e x t  
c y c l e

Subroutine  EVAL8



t
c
c
c
c
C SUBROUTINE EVALD

C THE PURPOSE OF EVALB IS TD ENABLE TNE OCCUPANT TO PROCESS DISTANCE
C INFORMATION. AND THEREBY DETERMINE MIS CURRENT 'SAFETY STATUS’.. .EVALD
c CONDUCTS STATUS EVALUATIONS PURELY ON THE BASIS OF STRAIGHT-LINE DISTANCE
C MEASUREMENTS BET4EEN THE OCCUPANT'S CURRENT LOCATION. AND THE LOCATIONS OF
C THREATS AND EXITS...A POSITIVE STATUS EVALUATION RESULTS WHENEVER T W
C OCCUPANT'S PERCEIVED STATUS AT TIME T IS 'BETTER' THAN IT UAS AT TIME T-1...
C OTHERWISE. MIS EVALUATION IS NEGATIVE
C SUBROUTINE EVALB (XO. YO.XT. YT.W). YE.HTHIS,

I IAGREE. ITUE. IEVAL.PTDIST,TDIST.PEDIST.
I EDIST.IS.IGOALX.ICOALY)
INTEGER >®(20>.YD(2B).>€<IO).YE(I6).XT.YT 
DIMENSION PTDIST CM). IGOALX(20. IB). IG0ALYC2D. IB)
DIMENSION PEDIST12B)

C DETERMINE THE OCCUPANT'S PRESENT DISTANCE FROM D C  THREAT tIF KNOLH TD HIM1).
C AND COMPUTE CHANGE SINCE LAST MOVE

IF (CXT.GT.B).AND.(YT.CT.B)) CO TO 1 
IF (IAGREE.CT.B) CO TO 2 
CO TO E

1 TDIST-SORTCFLOATC <XD(NTH!S)-XT)«*2+
1 (Y0(NTH1S)-YT)**2) >
IF (IT1ME.GT.I) CO TO SB 
PTDIST(NTHIS)-TDIST 

SB TCHAMG-TDIST-PTDIST(NTHIS)
IF (IAGREE.CT.B) CO TO 2 
IF (TCHANG.CE.B.) CO TO 5 
CO TD S

C DETERMINE THE OCCUPANT'S PRESENT DISTANCE FROM THE BEST EXIT. AND COMPUTE
C CHANGE SINCE LAST MOVE
2 ED1ST-SORT(FLOAT((XD(NTH1S)-IGOALX(IS.IAGREE>>««

I ♦(YO(NTHIS)-IGOALYCIS.1AGREE))««C>)
IF (ITIME.CT. I) CO TO 55 
PEDISTCNTHIS)-EDIST 

55 ECHANG-EDIST-PED1ST(NTH IS)
C RECORD CURRENT STATUS EVALUATION. IEVAL-1 (POSITIVE). IEVAL-B (NEGATIVE)

IE ((XT.CT.B).AND.(YT.CT.B)) CO TD 3 
IF (ECHANG.LE.B.) CO TD 5 
CO TO 6

3 IF ((TCHANG.CE.B.).AND. (ECHANG.LE.B.)> CO TO 5 
CO TO 6

5 IEVAL-1 
CO TO 7

6 IEVAL-B
C UPDATE VALUES OF PTDIST AND PEDIST FOR THE NEXT CYCLE
7 PTDIST(NTHIS)-TDIST 

PEDIST(NTHIS)-EDIST 
RETURN
END
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YES

C o n p u te  " t e s t "  
d i s t a n c e  b e tw e e n  
O c c . ' s  c u r r e n t  
l o c a t i o n  an d  t h e  
a g re e d - u p o n  
e x i t

NO

S(?JT U  XD (NTHIS) -XETEST -  I  
(IA GREE)) * + (YO(NTHIS)-YE 
(IAGREE)) )

C heck O c c . 's  
k n o w le d g e  o f  
b e s t  e x i t  and  
t h r e a t  
l o c a t i o n s

NO NO XT >  0
YT >  0I  AG REE > 0

YES

YES

NO
I  AGREE > 0

YES T e s t  f o r  
e s c a p e -  
p e n a l  t y

YES
■^<^ITIM E 4L MXTIME

NO

TIME «  ITIME

ITIME -TOTIME

TDIST-7TIME-MXTLMETDIST-TTIM E-TIME

YES
TEST ^  TDIST

NO

Sub rou tine  EVAL20
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T e s t  f o r
t h r e a t -
p e n a l t y

QTEST -  8QRr( (XD(NTHIS)-XT) 

+Y O (N TH IS)-Y T)2 )

YES
ITIM E £  MXTIME

NO

TIME *  ITIME
TD IST «  0 .0TDIST®TIKE

R e c o rd  O c c . ' s  
s t a t u s  e v  
e v a l u a t i o n :  
IE V A L*!: P o s i t i v e  
IEVAL*0 : N e g a t iv e

QTEST i  TDIST

IEVAL IEVAL

RETURN

S ub rou tine  EVAL20



c
c
c
c
c
C SUBROUTINE EVAL2B

C
C THE PURPOSE OF EVAL2B IS TO ENABLE THE OCCUPANT TO EVALUATE HIS
C ‘SAFETY STATUS' BY COrPARING ESRESS PROGRESS AGAINST TOTAL ELAPSES TIME
C SPENT IN THE SANGER ZONE 
C

SUBROUTINE EVAL2B ((S<TIHE.«C.XD,T0.W.VE.NTH1S. IAGREE.
I 1T1-E.C. IEVAL.TDTIft)
INTEGER >OC26>.YOC28>.XEtlB).YE(lB).XT.YT.TDTIME 
IF <IAGREE.EO.B) CO TD 5 

C COrPUTE TEST DISTANCE BETLEEN THE OCCUPANT'S CURRENT LOCATION AND THE 
C AGCEED-UPON EXIT

TEST-SQRT (FLOAT! O ®  (NTH IS)-*( I AGREE) >we+
1 (YDCNTHIS)-YEC1AGREE>>«*2>>

9 CONTINUE
C CHECK THE OCCUPANT'S KNOWLEDGE OF BEST EXIT AND THREAT LOCATIONS 

« IF ((XT.CT.B).AND.(YT.GT.B)) CO TD IB 
IF (IAGREE.CT.B) GO TO 2B 
GO TO SB 

IB IF (IAGREE.CT.B) CO TO 29 
CO TD SB 

C TEST FOR ESCAPE PENALTY 
IB IF (ITIfE.LE.tOTirE) CO TO 21 

T1FE-IT1PE 
TTIME-TDTIPE 
TSIST-TT1FE-TIME 
CO TO 22

21 TO IST-TTIft-(FLOAT (fKTlrt))
22 IF (TEST.LE.TSIST) GO TO 81 

CO TD SB
C TEST FOR THREAT PENALTY 
38 OTEST-SORT(FLOAT((XO(NTHIS)-XT)»«2+

I (Y0<N7HIS)-m«*2>)
IF (ITirE.LE.tKTirE) CO TD SI 
Tift-iTirt 
TS1ST-TIFE 
CO TO 32 

SI TS1ST-B.B
C RECORD THE OCCUPANT’S STATUS EVALUATION. IEVAL-1 (POSITIVE). IEVAL-B 
C (NEGATIVE)
32 IF <QTEST.GE.TS 1ST) CO TD SI 
SO IEVAL-B

RETURN 
91 IEVAL-1

RETURN 
END
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Routine ASSIGN

Loop Occupant

Purpose BFIRES assumes th a t  an i n d i v i d u a l ' s  d ec is ion m ak in g

b eh a v io r  w i l l  be b ia s e d ,  and th a t  the  d i r e c t i o n  o f  

b i a s  w i l l  be determ ined by h i s  immediate p e r c e p t io n  o f  th e  f i r e  

s i t u a t i o n .  The primary fu n c t io n  o f  ASSIGN i s  to  " r e c a l l"  fo r  each  

occupant a l l  th o se  f a c t o r s  which comprise h i s  cu rren t  p e r c e p t io n  

( e . g . ,  cu rren t  e v a lu a t io n  o f  s u c c e s s ,  knowledge o f  e x i t  and th r e a t  

l o c a t i o n s ,  in t e r r u p t io n  s t a t u s ,  e t c . ) .  I t  then a s s ig n s  h i s  

dec is ion m ak in g  ta s k  to  an a p p r o p r ia te  b i a s in g  s u b r o u t in e ,  as  

f o l l o w s :  (1) t h r e a t  e v a s io n  v i a  TBIAS, (2) e x i t  g o a ls e e k in g  v ia

EBIAS, (3) in t e r r u p t io n  mode f u l f i l l m e n t  v i a  INTRPT and/or  BACKUP, 

and c o n fu s io n ,  i . e . ,  no s p e c i f i c  b i a s ,  v i a  EQUALZ.

Formulas CUM(K) = P(K) (38)

CUM(K)* = P(K)+CUM(K-l) (39)

RAND = CUM(K)-X (40)

w h ere:

CUM(K) = th e  cum ulative  p r o b a b i l i t y  o f  s e l e c t i n g  

th e  move d e s ig n a te d  by k= l;

CUM(K)* = th e  cum ulat ive  p r o b a b i l i t y  o f  s e l e c t i n g  

moves d e s ig n a te d  by k=2 through k=9;
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P(K) = th e  computed p r o b a b i l i t y  o f  s e l e c t i n g  the  kth  

move;

K = move i d e n t i f i e r ;

X = a un iform ly  d i s t r i b u t e d  random number between  

0 and 1 ;

RAND = T est  number fo r  s t o c h a s t i c  s e l e c t i o n  p ro c e ss  

= CUM(K)-X (41)
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START

D e te rm in e  w h e th e r  
ITIM E i s  o d d /e v e n :  
m o b i l i t y - i m p a i r e d  
o c c u p a n ts  o n ly  
move d u r in g  ODD 
t l a e - f r a m e s

D e te rm in e  move 
p r o b a b i l i t y  
b la B in g  m o d e :

YES
IH A N D I(N TH IS)*!

NO NO
TEST + 0

I s  OCC^ in  an
i n t e r r u p t i o n
m ode?YES

YES
INT

I s  O cc. 
c u r r e n t l y  i n  
a  h e l p i n g  m ode?

NO

YES

A s s e s s  O c c ^ 's  
c u r r e n t  s t a t u s  
e v a l u a t i o n

NO

YES
IEVAL-1

I s  t h e  t h r e a t  
l o c a t i o n  known 
t o  O c c .?

NO

YES XT
YT

D oes a  b e s t - e x i t  
c o n s e n s u s  e x i t ?  
( I f  s o ,
NAGREE + 0 )

NO

NO
NAGREE-0

YES

\  /

IBY STD(N TH IS)*1

TIME -  ITIME 
ATIME -  T IM E /2. 
JTIME -  ATIME 
B -  JTIME 
TEST -  ATIME-BTIME

S ub rou tine  ASSIGN
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Bias m ove 
p r o b a b i l i t i e s  
t o  f a v o r  
t h r a a t - e v a a l o n

CALL TB1AS

YES
NAGREE-0

NO

B ia s  move 
p r o b a b i l i t i e i  
t o  f a v o r  
e x i t - s e e k i n g

CALL EBLAS

P(5) -  1 . 0

R e m a in - i n - p la c e
o p t i o n
e n f o r c e d

B ia s  move 
p r o b a b i l i t i e s  
t o  f a v o r  
a p p r o a c h in g  o r  
r e m a in in g  w i th  
a n o t h e r  ( h e l p i n g )

CALL HfiLAS

YES

E q u a l i z e  a l lNO

p r o b a b i l i t i e s

CALL EQUALZ

Su b rou tine  ASSIGN
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D e te rm in e  w h e th e r  
OCC. w i l l  o pen  
•  c l o s e d  d o o r  he 
h a s  c o n f r o n t e d

CALL DOORS1

O cc . s e l e c t s  a 
m ove fro m  among 
t h o s e  a v a i l a b l e

P r e p a r e  a l t e r n a t i v e  
m ove p r o b a b i l i t y  
v a l u e s  f o r  t e s t i n g  
a g a i n s t  ran d o m  n o .

YES

NO

CUM(K) -  

P(K)+CU M (K -1)

NO

YES G e n e r a t e  a  
ran d o m  n u m b e r ,X , 
a n d  t e s t  move 
a l t e r n a t i v e s

X -  RANDNU(O)

<->
$  X - X * ( - l )

(0) , (+)

RAND -  

CUM(K) -  X

Subroutine  ASSIGN
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RAND

<0 ) , < + )

NO
MOVE

YES

D e te rm in e  w h e th e r  
OCC, c l o s e s  a 
h e  n a s  j u s t  p a s s e d  
th r o u g h  ( i f  i n  f a c t  
h e  h a s  j u s t  d o n e  s o )

CALL DOORS2

RETURN

S u b rou tine  ASSIGN 
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■USRDUTIHE ASSIGN
THE PURPOSE OF RESIGN IS TD CONSIDER ALL FACTORS COPPRIS1NG THE OCCUPAHT'G 
CURRENT PERCEPTION OF HIS SITUATION. AND THEN TD SWITCH CONTROL FOR 
DEC1S10N-MRK1NG TD THE APPROPRIATE BIASING ROUTINE.
SUBROUTINE ASSIGN 11TIM.NTHIS. IHANDI, INT. IBYSTD,IEVAL,
1 HO.VO. IBAR.TOTBAR.XT. YT.NAGREE.*,VE. IAGREE.
I IRAND.P.MOVE.W.YK.K.L. IS. IGOALX. IGOALY, IENTER.
3 X.IDOOR.POPEN.ND.MDOOR.PCLOSE)
DKENSION IHANDI<2D).IBYSTD(28>.P(9>,CUH(9>

- INTEGER >®(20>.YO(20).>I(ie>.YE(IB).XT.YT 
C DETERMINE WETHER ITIME, THE CURRENT TirE-FRATE. IS ODD OR EVEN...
C MC31LlTY-I(f>AlRED OCCUPANTS ONLY MOVE DURING ODD TIME-PRATES

TIfE-ITIfE 
ATIrE-TIIE/2.
JTIIE-ATIIE 
BTIME*JTirE 
TEST-ATIME-BTIfE 

C DETERMINE MOVE PROBABILITY BIASING (ODE 
IF (IHANDI(NTHIS).EQ.1) 60 TD I 
GO TO II

1 IF (TEST.HE.B.) GO TO 2
C IS THE OCCUPANT IN AH INTERRUPTION HIDE 
II IF (INT.E0.1) GO TO 2
C IS the OCCUPANT CURRENTLY in a helping mode 

IF (1BYSTD(NTH!S).EO.I) GO TO 3 
C ASSESS THE OCCUPANT'S CURRENT STATUS EVALUATION 

IF (IEVAL.EO.I) GO TO 4 
C IS THE THREAT LOCATION KNOUN TO THE OCCUPANT 

IF ((XT.EO.B).AND.CYT.EO.B!) GO TD 5 
C DOES A BEST-EX1T CONSENSUS EXIST (IF SO. NAGREE.NE.B)

IF (NAGREE.EO.B) CO TO 404 
GO TO 504

C BIAS MOVE PROBABILITIES TO FAVOR THREAT-EVASION 
4B4 CALL TBIAS (ITIME.NTHIS, IHANDI. INT. IBYSTD, IEVAL.

1 XO.YD. IBAR,TOTBAR,XT.YT.NAGREE,W.YE. IAGREE.
2 IRAND.P.MOVE.W.YK.K.L, IS, IGOALX. IGOALY. IENTER)
GO TO 6

4 IF (NAGREE.EO.B) GO TO 484
C BIAS MOVE PROBABILITIES TO FAVOR EXIT-SEEKING
504 CALL EBIAS (ITIfE,NTHIS.IHANDI.INT.IBYSTD.IEVAL.

1 XO,YO.IBAR,TOTBAR.XT.YT.NAGREE,XE.YE.IAGREE.
2 IRFND.P.MOVE.MC.YK.K.L.IS.IGOALX,IGOALY,IENTER)
GO TO 6

C REftt IN-IN-PLACE OPTION ENFORCED
2 P15I-1.8

DO 50 01.4 
5B P(K)-B.B

DO 51 06.5 
51 P(K)«8.6

GO TO 601
C BIAS MUVE PROBABILITIES TO FAVOR APPROACHING OR REMAINING U1TH A MOBILITY- 
C I (PAIRED OTHER
3 CALL HBIA3 (1TI(«.NTHIS. IHANDI. INT. IBYSTD. IEVAL.

1 XO.VO. IBAR.TOTBAR.XT. YT,NAGREE.>£, YE. IAGREE.
2 IP.AND.P)
60 TD 6

5 IF (NAGREE.NE.B) GO TO 5B4
C EQUALIZE ALL MOVE PROBABILITIES

call EOJALZ (ITIME.NTHIS.IHANDI.INT.IBYSTD.IEVAL.
1 XO, YO. IBAR.TOTBAR.XT. YT,NAGREE,XE,YE. IAGREE.
2 IRAND.P.nCVE.W.YK.K.L. IS. IGOALX. IGOALY. IENTER)

C DETERMINE WHETHER THE OCCUPANT UILL OPEN A CLOSED DOOR HE HAS CONTRONTED
6 CALL DOORS! (ITIME.NTHIS. IHANM, INT. IBYSTD. IEVAL.

1 XO.YO.IBAR,TOTBAR.XT.YT. NAGREE.XE.YE.IAGREE.
2 IRAND.P.MOVE.XC.YK.K.L.IS.IGOALX.IGOALY,IENTER,
3 X, IDOOR.POPEN.IID.MDOOR.PCLOSE. IX)

C81 CONTINUE
c the occupant selects a move from among the alternatives available 

DO toe K-l.9
C  PREPAPE ALTERNATIVE MOVE PROBABILITY VALUES FOR TESTING AGAINST A RANDOM 
C  HUMBER

IF (K.fO.l) GO TO z e e  
CUM(K) -P !K) (CUTKK-I)
GO TO IB0
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SM CUnCK>«PHC>
I M  CONTINUE
C GENERATE A RAHDOH HUTtE X. WO THEST TW  HDSC ALTERNATIVES 

K-B
BILL RAHDOM (ITlrC.HTMlS.lHAHDl.INT. IBYSTD.IEVAL.
I W.YO, I BAR, TOTBAR, XT, YT. NAGREE, >£, YE. I AGREE. WANT.
> P.WVE.W.VtC.IC.L. IS. IGOALX. IGOALY. IENTER.X)

r  k <#*i
if  (x> n .ra.ra  

n  xoMc-i)
2 2  ran d*c u h (o - x

IF (RAND) 5 2 .5 3 .5 3  
S 3  H O V E *

CO TO •
5 2  IF  (K .L T .B ) CO TO T
C PETERM1NE IAIETHER THE OCCUPANT a  OSES A BOOR JUST PASSED THROUGH (IF IN
C FACT HE HRS JUST DONE SO)
■ CALL D00RS211TIIC.NTHIS, IHANDI, INT.IBYSTD. IEVAL.

1 XD.YO. IBAR.TOTBAR.XT. YT.NAGREE.YE. IAGREE.
2 IRAND.P.TDVE.XC.YX.K.L. IS, IGOALX, IGOALY. IENTER.
S X. IDOOR.POPEN.ND.HDOOR.PCLOSE. IX)

12 RETURN
END
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R ou tines UPDATE, NEWXY, XSCORE, STEPS, PASSG ( U t i l i t y  Programs)

Loops Occupant and R e p l ic a t io n

P urposes  UPDATE: This program changes th e  x ,y  c o o r d in a te s

d e n o t in g  occupant l o c a t i o n s  to  r e f l e c t  movement a c t io n s  

o f  each during  th e  j u s t - c o m p le te d  tim e frame.

NEWXY: T h is  program c o n v e r ts  s p a t i a l  l o c a t i o n s  from

k - g r id  d e s ig n a to r s  to  x , y  c o o r d in a te s ,  u s in g  su b ro u t in e  KTOXY, in  

th o s e  c a s e s  where KTOXY i s  n o t  c a l l e d  d i r e c t l y .

XSCORE: t h i s  program computes each o c c u p a n t 's  e scap e

s c o r e  fo r  th e  e n t i r e  e v e n t .

STEPS: T h is  program keeps  tr a c k  o f  th e  t o t a l  number o f

s p a t i a l  d isp la c e m e n ts  (" ste p s" )  a c t u a l l y  made by each occupant during  

th e  f i r e  e v e n t .  R e m a in in g - in -p la c e  i s  n o t  recorded  as a s t e p .

PASSG: This program keeps tr a c k  o f  d o or-p assage

b e h a v io r .

Formulas XSCORE:

SCORE = (SUMTIM-E)/ SUMTIM (42)

w h ere:

SCORE = occupant n ' s  o v e r a l l  escap e  s c o r e ;

SUMTIM = t o t a l  number o f  t im e frames a v a i la b l e ;

E = time frame a t  which e sca p e  occurred  ( i f  the  

occupant never  e s c a p e s ,  E = SUMTIM).
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EUBROUTIHE UPDATE
THE PURPOSE OF UPDATE IS TO CHANCE THE X.Y COORDINATES OF OCCUPANT LOCATIONS 
TO REFLECT rCVErENT ACTIONS OF EACH DURING THE JUST-COTPLETED TIPE FRAPE

SUBROUTINE UPDATE CXD.TO.NTHIS.HELD®.NEUYO)
INTEGER X0(2e>.TO(2O)
MD(NTH1S)*NELMD
YO(NTHIS)*NELWD
RETURN
END
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SUBROUTINE NEWT
THE PURPOSE OP NEIKY IS TO CONVERT SPATIAL LOCATIONS FROM K-CRID 
DESIGNATORS TD X.Y COORDINATES. US INC SUBROUTINE KTOXY. IN THOSE 
CASES LHERE KTOXY IS NOT CALLED DIRECTLY
SUBROUTINE NEINY (ITIME.NTHIS. IHANDI. INT. IBYSTD. IEVAL.
1 XD.YO. IBAR.TOTBAR.XT.YT.NAGREE.« . YE. IAGREE,
2. IRAND.P.MOVE.XC.YK.K.NELDO.NELND)
INTEGER >*.YK
CALL KTOXY (ITIfE.NTHIS. IHANDI, INT. IBYSTD, IEVAL.
1 XO.YD. IBAR.TOTBAR.XT.YT,NAGREE.W.YE. IAGREE.
2 IRAND.P.rDVE.W.YK.K)
NEUXO'W
NEUYO-YK
RETURN
END
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SUBROUTINE WCORE

THE PURPOSE OP XSCORE IS TO COMPUTE EACH OCCUPANT'S ESCAPE SCORE POP TOE 
ENTIRE EVENT. I.e .. SCORE-(TDTAL T1TE AVAILABLE - CURRENT TITE PRATE) 
SIVIDE® BY TOE TOTAL TItE AVAILABLE

SUBROUTINE XSCORE (TOTIfE. 1 SCORE.NUMDCC.SCORE)
SUENSION IBCORE (20) .SCORE (20)

INTEGER TOTIfE 
SUMTin-TOTirE 
M  IB NTOIS-I.HUTOCC 
E*1SC0RE(NTOIS>

COTPUTE TOE OCCUPANT'S ESCAPE SCORE FOR TIC ENTIRE EVENT 
SCORE CNTOIS) • ISUrtTlrf-E) YSUMTIM 
RETURN 
CMS
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c

C SUBROUTINE STEPS
C THE PURPOSE OF STEPS IS TO KEEP TRACK OF THE TOTAL NUrBER OF SPATIAL
C RELOCATIONS ('STEPS') ACTUALLY MADE BY EACH OCCUPANT DURING THE FIRE E\*HT
C ...A STEP IS DEFINED AS A SPATIAL RELOCATION. AND THEREFORE. REflRININS-IH-
C PLACE IS NOT RECORDED AS A STEP
C

SUBROUTINE STEPS (>5>RI0R.YPR10R.XD.YD.NUnSTP.NTHIS>
INTEGER PRIORI28) .YPRIORC26).XO(20).YO(26>
DIMENSION NUMSTP(20)

C RECORD LHLTHER THE OCCUPANT MOVED DURING THE Tift FRATE JUST ENDED. THAT IS. 
C UlETHER (XPRIOR.NE.XD).AND.(YPRIOR.NE.YO)

IF (OffRlOR(NTHIS) .EQ. NO (NTH IS)) .AND. (YPRIORCNTHIS) .EQ.YO(HTHIS)))
I GO TO 999

C UPDATE THE TOTAL NUMBER OF STEPS TAKEN BY THE OCCUPANT DURING THE EVENT 
NUMSTP (NTH IS) »NUMSTP (NTH IS )+1 

999 RETURN 
END
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SUBROUTINE PASSG
THE PURPOSE OF PASSG IS TO KEEP TRACK OF DOOR-PASSAGE BEHAVIOR EWIBITEB BY 
OCCUPANTS

SUBROUTINE PASSC (IDPASS.IDOOR.NO.VO.HTHIS.
1 ND.NEUMl.NELTifO)
DltENSlON IDPASSC2B).ID00RC38.4>
INTEGER H0C2B).YDC2B)

C DETERMINE IHETHER THE OCCUPANT PASSED THROUGH A DOORUAY DURING THE Tlft- 
C FRAIE JUST ENDED

WASS-(NEUMD+MKNTHIS) )/2 
IYPASS*(NEl*frO+VU<NTHIS) J/2 
BO IB I-l.ND
IF (UD0DR(1.1>.EQ.IW>ASS>.AND.

1 (IDD0R(I.2).E0.IVPASS>) CO TO 5 
GO TO IB

C UPDATE THE TOTAL HUrEER OF DOOR PASSAGES HADE BY THE OCCUPANT DURING THE 
C FIRE EVENT
5 IDPA3S(NTHIS)-IDPASSCNTHIS)+1
IB CONTINUE

RETURN 
END
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R ou tin es  SUMMRY, REPORT, TRACE, TOTALS (Input/O utput Programs)

Loops Occupant and R e p l ic a t io n

Purposes SUMMRY: This program p r i n t s  a summary t a b le  fo r  each

r e p l i c a t i o n .  Output are  v a lu e s  fo r  v a r io u s  dependent  

m easures computed by BFIRES. These v a lu e s  are  "grand means" taken  

a c r o s s  occupants  and tim e fram es, and r e p o r t  aggregated  s c o r e s  and 

f i n a l  s t a t u s  a t  the  end o f  th e  l a s t  time frame fo r  each r e p l i c a t i o n .  

I n i t i a l  c o n d i t io n s  are  a l s o  p r in t e d ,  fo r  comparison a g a in s t  f i n a l  s t a t e s .

REPORT: T h is  program p r i n t s  a summary t a b le  fo r  each

time frame w i t h in  a g iv en  r e p l i c a t i o n .  Each t a b le  r e p o r ts  r e s u l t s  o f  

th e  d e c i s i o n  p r o c e ss  fo r  each occupant in  th e  run. Data in c lu d e  move 

p r o b a b i l i t y  v a l u e s ,  and x , y  c o o r d in a te s  fo r  o ccu p a n ts '  l o c a t i o n s  a t  

t im es t - 1  and t .

TRACE: This program p r i n t s  a summary t a b le  fo r  each

occupant in  a g iv e n  r e p l i c a t i o n .  Each t a b le  t r a c e s  the  s p a c ia l  

d isp la c e m en t  o f  th e  occupant a c r o ss  the  e n t i r e  s im u la te d  even t  ( in  

terms o f  changes in  x ,y  c o o r d i n a t e s ) .

TOTALS: This program p r i n t s  summary t a b le s  r e p o r t in g

t o t a l  numbers o f  door p a ssa g e s  and in t e r r u p t io n s  fo r  each occupant  

i n  th e  e v e n t .  Door p a s s a g e s  are  a l s o  rep o r te d  by s u b r o u t in e  SUMMRY.

Formulas n /a
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c
c
c
c
cc suoroutim w m t Y
C The PURPOSE OF SU!**Y IS TO PRINT-OUT A SUrtWRY TABLE FOR EACH REPLICATION 
C RUN...OUTPUT VALUES ARE 'GRAND MEANS' TAKEN ACROSS OCCUPANTS AN® TIM- 
C FROM 5, AND REPORT AGGREGATED SCORES AND FINAL STATUS AT TVE END OF TVE 
C LAST TIM FRAPE FOR EACH REPLICATION 
C

SUBROUTINE SUtfRY (INITXO. INITYt). INTL17I.L0YSTD. IHANDI.KNOUAY,
1 POPEN.PCLO SE.SCORE.NU M TP.IPS.lII.N U rREP.NU nD CC.TO TIM .
2 W.YO.tt. YE. TITLE)
BIMNSION INIT>»(20), INITYD(20). IHTLIH(20> .LBYSTD(20). 1HAHDI(20>,

1 KN0tJAYC2e> .P0PENC20) .PCLOSE (20) .SCORE (20) ,NUMTP(20>.  IP S (2 0 )
BIPENSION NUrBFRC2B>.SMAN(2e>.DMANC20>,DIST(20).DElNIT(20).
I BIFF (20) ,DFMAN(20) ,T1TLE(20)
REAL NTEAN(20).lrEAN(20)
INTEGER TOT1M.XOC20).YOC20).«(10).YE(I0>
B1FTOT"0.0 
DTOTAL*0.0 
STOTAL-B.B 
NTDTAL*B 
ITOTAL-0
NSUM"NU1DCC«NU7REP 
SUn-NSUM 
ftN-NUIDCC 
URITE (6.100)
UR1TE (6.134) TITLE 
URITE (6.119)
URITE (6.102)
URITE (6.103)
URITE (6.119)

. IR1TE (6.104) 11l.HUFREP.TOTIM ,
URITE (6.102)
URITE (6.119)
URITE (6.105)
URITE (6.119)
URITE (6.106)
BO 200 N-1.20 
NWBER(N)-N 

200 CONTINUE
URITE (6.107) (NUPBER(H).N-1.20)
URITE (6.101)

DO 55 K-1.NUTE1CC
35 DEIN1T(K>-S0RTU(1N!TX0(K)->E(1)>»*2> + ((INIT|,D(K>-YE(1>>»«2))

URITE (6.131) (DEINIT(K).K-I.NUrt)CC)
URITE (6. IBB) (INITXD(K) ,K" 1 .NUPDCC)
URITE (6.;89> (INITYO(K).K-I.NUMOCC)
URITE (6.110) (INTLIMCKl.K-l.NUPOCC)
URITE (6.111) (LBYSTD(K).K-I.NUTIDCC)
URITE (6.112) (1HAND1(K),K"1.NUMOCC)
URITE (6.113) (KNOLAYOO,K"1.NUPDCC)
URITE (6.114) (POFEN(K),K"1.NUMDCC)
URITE (6,115) (PCLOSE(K).K-l.NUMOCC)
URITE (6.102)
URITE (6.119)
URITE (6.116)
URITE (6.119)
URITE (6.106)
URITE (6.107) (NUMER(N).N-1.20)
URITE (6.101)

C..COMUTE REPLICATION MANS...
BO 20 K'l.NUTDCC
DIST(K)"SORT(((M(l>->ffl(K>) **2>+(CYE(l>-YD(K)>*«2>>
DTOTAL"DTOTAL+PISTOO 
STOTAL"STOTAL+SCORE(K)
NTOTAL "HTOTAL+NUtlSTP (K)

20 1TOTAL•1T0TAL+IPS(K)
SMAN (111) .STOTAL/AN 
NMAN (111 > "FLOAT(NTOTALIVAN
iMAN(iii) "Float c itotal)/an
BMAN (III) "DTDTAL/AN

C
DO 201 K-t.NUrtOCC 
DIFF(K)-DEINIT(K)-DIST(K)
D1FT0T"DIFT0T+DIFF(K)

201 NUMSTP(K) -NUHSTP(K>T|
URITE (6.127) (XO(K),K»),NUMOCC>
URITE (6.12B) (YD(K).K"1.NUH)CC>
URITE (6.129) (D1ST(K),K"1.NUMDCC)
URITE (6.132) (DIFF(K),K"l.NUrDCC)
URITE (6.117) (SCORE(K).K-l.NUMOCC)
URITE (6,110) (NUMSTP(K),K"l,NUrtDCC>
URITE (6.120) (IPSOO.K-l.HUMOCC)

C. COMUTE NESCAP...
MESCAP-NUtDCC 
DO 30B L-l.NUHDCC 
IF (SCORE(L).LE.0.001) GO TO 301 
GO TO 300 

301 HESCAP-NESCAP-1 
300 CONTINUE

URITE (6.126) NESCAP 
URITE (6.102)
URITE (6.122) NUPOCC 
URITE (6.130) D M  AN («!>
DFMAH (111) "DIFTOT/AN
U R IT E  ( 6 . 1 3 3 )  D F M A N d l l )  0 7 7



URITE CC, 123) MANCIII)
URITE C6.124) HTEANdll)
W1TE 'S.125) IrEANCIII)
UtlTE Cu. 102)
UtlTE C6.I21)
UtlTE (C.1*2)

I  Be FORMAT c * r >
IBI FORMAT C130C*»*>>
102 FORMAT CISOC'P'I./'.IJOC'B'))
111 FORMAT C57X,'S1CULAT10N SUttWfV)
104 FORMAT C3X.'REPLICATION'.15.' OF’. I5.70X.'RUN FOR'.14. 

1 ' Tin FRAMES')
105 FORMAT CS7X.'INITIAL CONDITIONS’)
IBS FORMAT C63X.'OCCUPANT NU78ER')
187 FORMAT d l X . 2 8 d 2 . J X ) )
IBS FORMAT CSX,' IN1TXD' • IX.291I3.2X),IS)
IBS FORMAT (3X.' INITYO'. lX,29d3,2X), 13)
l i e  FORMAT CSX.'INTLIM*.1X.29C13.2X).13)
111 FORMAT C3X, 'LBYSTD', )X,29CI3,2X). 13)
112 FORMAT CSX.' IHANDI'• IX,29(I3,2X), IS)
113 FORMAT C3X, 'KNOUAY', 1X.29C 13.2X), 13)
114 FORMAT C3X, 'POPEN ', IX.29(F3.2,2X).F3.2)
US FORMAT C3X,’PCL0SE'.1X.29CF3.2.2X).F3.2)
116 FORMAT C50X.'OUTCOMES')
117 FORfWT CSX.'SCORE ', IX.2BCF4.2.1X))
lie FORMAT CSX,'STEPS '.1X.20CI3.2X>>
120 FORMAT C3X.'PASSES'.IX.20CI3.2X))
119 FORMAT C' *)
121 FCSMAT C57X,'END OF REPLICATION')
122 FORMAT C9X.'MEAN5 COrEUTED ACROSS*.IS.' OCCUPANTS...*)
123 FpRrWT C20X,'MEAN SCORE • *.F4.2)
124 FORMAT C20X.'lEAti STEPS • *.FS.2)
125 FORMAT C20X.TEAN PASSES »'.F6.2>
126 FORMAT C3X,'NUMBER ESCAPED'.5X.IS)
127 FORMAT C3X.'FIN X '.1X.20CI3.2X))
120 FORMAT C3X.'FIN Y '.IX.20CI3.2X)>
129 FORMAT C3X, 'D1ST '. 1X.20CF4.1. IX))
133 FORMAT C 2 0 X .'n A N  DIST •  ' .F 4 .1 >
131 FORMAT C3X,' INJT D '.  1X.20CF4.1.1)0)
132 FORMAT C3X.TIFF D'. 20CF5.1))
133 FORMAT C20X.'fEAN DIFF D -'^4.1)
134 FORMAT CIX.'RUN TITLE/* *.20A4)

RETURN
END
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c
c
c
c
c
C SUBROUTINE REPORT 
C
C THE PURPOSE OF REPORT IS TO PRINT-OUT A SUMMARY TABLE FOR EACH Tift-FRAME 
C OF A GIVEN REPLICATION...EACH TABLE REPORTS RESULTS OF THE DECISION 
C PROCESS FOR EACH OCCUPANT IN THE Tift FRAft. PARTICULARLY MOVE PROBABILITY

C VALUE: ASSIGNED TO EACH AVAILABLE MOVE ALTERNATIVE AT THAT POINT IH Tift
C ...X.Y COORDINATES ARE ALSO SHOLH FOR BOTH TIMES T AND T+l, FOR EACH
C OCCUPANT IN THE Tift FRAft 
C

SUBROUTINE REPORT (ITIME .NTHIS. I NANDI. INT. IBYSTD, IEVAL.
1 XO. YD. I BAR. TOTBAR. XT, YT. NAGREE. «E. YE. I AGREE.
2 IRPND.P.HDVE.fM. YK.K.NUMEXT.NUMOCC.TOTIft. INTLIH.
3 LB^STD.KNOUAY.PTDIST.TDIST.PEDIST.EDIST.NEIDC.NEUVO,
4 EVLOPT,IDDOS.1DDFEN.ND.1NTR)
DIMENSION IEAP (20,75.2),INTLIM(26>,LBYSTD(20).IHANDI 
1 (20),KNOL*AY(20). IBYSTD(Z0),P(9), INTR(20)
DIMENSION IDODR(30.4).IDOPEN(30.160)
INTEGER >t(I0).YE(10),XO(20),YO(20).XT,YT.TOTIft,
1 MC.YK,EVLOPT

C
. IF ((ITItt .GT. I) .OR. (NTHIS.GT. II) GO TO 1

C
C: ECHO:CHECK INPUT PARAMETERS*
C: (1) ENVIRONMENTAL:
C

URITE (6.166)
URITE (6.101) XT.YT 
URITE (6.102) NUttXT 
LRITE (6.164)
URITE (6.105) (XE(I>.I*l,NUftXT)
LRITE (6.106) (YE(I).l-l.NUttXT)

C
C: (2) SYSTEM:
C

URITE (6.169) HUMOCC 
URITE (6,110) TDTIft 
URITE (6,111) IRAND

C
C: (3) OCCUPAHT:
C

URITE (6.112)
URITE (6.113) (INTLIM(l),I*1,NUMDCC)
LRITE (6.114) (LBYSTD(l),l»l,NUMOCC)
LRITE (6.115) (IHANDKD.I-l.NUtOCC)
URITE (6.116) (KNOUAY(I).I-l.NUMOCC)
LRITE (6,117)

C
1 CONTINUE 
C

IF (NTHIS.NE. 1) GO TO 2
C
Cl IF HTHIS-1. PRINT CURRENT Tilt MARKER AND COLUftf tCADIHGS:
C

LRITE (6.116)
LRITE (6.119) ITItt 
URITE (6.116)
LRITE (6.126)
LRITE (6.116)

C

C
2 IF (IKTR(NTHIS).EO.l) GO TO 22 
C
Cl LRITE OUTPUT MATRIX:

IF (EVLOPT-1) 26.26.21 
26 CONTINUE

LRITE (6.121) NTH IS,)® (NTH IS) .YO(NTHIS), INT. IBYSTD (NTH1S) • (AGREE,
1 TD1ST.ED1ST. (P(K),K*I.9).NELMD.NELfYD 
GO TO 23

21 URITE (6.123) NTHIS.WHNTHIS) .YD(NTHIS). INT. IBYSTD(NTHIS).
1 1ACFEE.(P(K).K»l,9).N£LfC.N£LM3
GO TO 23

2 2  LR ITE ( 6 .1 2 7 )  N T H !S .X O (N T H !S ).Y O (H T H IS ). IN T .
I HEUXO.NEUYO

23 CONTINUE
IF (NTHIS.EO.HUMOCC) CO TO 1 
CO TO 4

3 LRITE (6.118)
4 IF <( IT1ME .EC.TDTIft) .AND. fKTV.!S.EO.NU*t)CC> > CO TO 5

CC TO 6
5 LRITE (6.11SD

LRITE (6.124)
LRITE (6.116)
URITE (6,125)
LRITE (6,116)
DO 36 1-I.ND
URITE (6.126) I. IDOOR( 1,1), !D00R(!,2). IDOORd.3).
I (lDOPEN(l.ITM).ITM-l.TOTIft)
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M  CONTINUE
URITE (6.118)
KITE (S. 122)
(KITE (S. 110)
CO TO 6

C
Cl OUTPUT FORMATING'
C
IBS FORMAT (IX.120(*»*>.~.S5X.'ECHO-CHECK IWUT P A R A M E T E R S 128 

1 (*«’>.✓.',1X.*(1> ENVIRONMENTAL''.^)
101 FORMAT (24X. •THREATENED EXITi X- *.I2.«.*V-*.I2>
102 FORMAT (2«:.'NUreER OF EXITS' • *.I2>
103 FORMAT (24X, * NO. OF BARRIER PTS**. 13.^0
104 FORMAT (24X, 'COORDINATES OF EXITS' 1 2 1 4 8 0 2 0 0  10*.

1 -O
105 FORMAT (43X.**X' *. 10(12. IX) )
106 FORMAT (43X.*Yi *. 1B(I2. DO.X)
107 FORMAT (1X.*BARRIER-P0INT MATRIX:*,.O
IBB FORMAT (2X.*X:'.3B(I2.1X>,/.2X.*Y:*.38(I2,IX)./>
IB9 FORMAT (IX. *(2) SYSTEM’ ,/,24X. "NUMBER OF OCCUPANTS IN THE SPACE •* 

1 .13)
110 FORMAT (24X. * TOTAL HO. OF TIME INCREMENTS •*.I3>
111 FORMAT (24X. * RANDOM NUMBER STARTER •*.13..')
112 FORMAT (IX. *(3) OCCUPANT: * 12X, * PARAMETER *,5X. *OCC NO I 2 3

1 4  5 E 7 0 9 IB II 12 13 I 4 IS 16 17 IB 19 26*,/*)
113 FORMAT (12X.* 1NTLIM’, I5X,20(I2. 1)0)

114 FORMAT (12X,'LBYSTD'. !5X.20( 12. IX))
115 FORMAT (12X,' IHAND1*, 15X.2BC 12.1)0)
lie  FORMAT (12X. 'KNOLIAY*, 15X.28( 12,IX)./)
117 FORMAT (2UX.I20r»*>./*>>
118 FORMAT (1X.12B('«*>..'>
119 FORMAT (IX.*TIME • *.I3./T
120 FORMAT (6X.'PR!0R’,18X.*EX]T'.B9X.*NEU*.',1X,*0CC’.2X.*L0CAT*.17X. 

1* AGREED* ,87X, 'LOCAT'IX, *NUM’ ,2X. *XD YD INT IBYSTD UPON
2 PTD1ST TDIST PEDIST ED1ST P(l> P(2) P(3) P(4) P(5) P(6)
3 PC7) P(8) P(9>*.6X,'X0 YD'./O

121 FORMAT (IX, 12,3X, 12. IX, 12.4X, 11.6X, II.6X, 12.3X,2(7X,F6.3.2X).
I 9CF5.3.IX),4X.12,IX.12)

122 FORMAT (5BX.*END OF SJftJLATlON*,/T
123 FORMAT (IX. I2.3X. 12. IX, I2.4X. 11.6X. I1.6X.

I 12.33X.9(F5.3.1X).4X.I2.1X.12)
124 FORMAT (SBX.'DOOR STATUS SUMMARY’.✓>
125 FORMAT (1X,*D00R’.4X,"X Y’,5X.*TYPE*.5X.*T- 1 2  1 4  5

1 6 7 8 9 IB 11 12 13 14 15 16 17 IB 19 2B 21 22 23
2 24 25 26 27 26 29 30’.<*>

126 FORMAT (2X, 12,5X. 12. IX. 12.7X, 1 l.BX,38( 12.1)0)
127 FORMAT (1X.I2.3X.I2.1X.I2.4X.I1.1B6X.12.1X.I2>6 RETURN

END
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SUBROUTINE TRACE
C THE PURPOSE OF TRACE IS TO PRINT-OUT A SUMMARY TABLE FOR EACH OCCUPANT IN 
C A GIVEN REPLICATION...EACH SUCH TABLE TRACES THE SPATIAL DISPLACEMENT
C CCHANCE IN X.Y COORDINATES) OF EACH OCCUPANT ACROSS THE ENTIRE SIMULATED
C EVENT

SUBROUTINE TRACE (IXTRCE, IYTRCE.NTHIS. I TIME, HUMOCC.
I TOTIME)
DIMENSION IXTRCE ( 2 * .  1 6 0 ) . IYTRCE( 2 0 .  1 M )
INTEGER TOTIME 
IKITE (6.1)
DO 25 I-l.NUMOCC 
UMITE (6.2) I 
DO 24 >1.TOTIME
IR1TE (£.3) J. IXTRCE(1.J)»1YTRCE(I,J)

24 CONTINUE
URITE (6.4)

29 CONTINUE
WITE (S.S)

1 FORMAT (IX. 12* ('■'). XX. 4BX.
I 'OCCUPANT MOVEMENT TRACES',x/.IX. 12B('«*>)

2 FORMAT (IX. I2BC«•),/✓. IX.'OCCUPANT NUMBERi14./.
1 lBX.'TIME’.x, IBX. 'FRAME'. 1SX, 'X' .SX. ' Y' .X.
2 IX.I28('»')>

> FORMAT (12X.I2.1BX.I2.4X.12)

4 FORMAT (IX. 12BC*')) _
5 FORMAT (IX, 12*('P')#xx,55X. 'EHD OF TRACES'.XX.

i ix.i2e('»*)>
RETURN
END
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SUBROUTINE TOTALS
C THE PURPOSE OF TOTALS IS TO PRINT-OUT SIPTORY TABLES REPORTING TOTAL
C MLTBERS OF DOOR PASSAGES AND INTERRUPTIONS (OF EACN TYPE) FOR EACH
C OCCUPANT IN THE EVENT 
C

SUBROUTINE TOTALS (IDPASS. ITYPEI. ITYPE2.HTH16.NUMDCC)
DlrENSION IDPASSC2B), ITYPEI (26) • ITYPE2C2B)
DlrENSION IOCC(2B>
SO 25 I-l.NUMOCC 

IS IOCCCD-I 
WITE (S.l)
WITE (S.2) (IOCC(I).l»l.tM«CC>
WRITE (6.3) (ITYPEI (NTHIS) ,NTHI5»1,NUMDCC)
LRITE (6.31) (ITYPE2(NTH1S>.HTHI6-1.NUNDCC>
WRITE (6.4)
WRITE (6.5) (IOCC(!>.I*l.HUMDCC>
WRITE (6.6) (IDPASS(NTH1S).NTHIS>1.NUN0CC)
WRITE (6.7)
LRITE (6.S)

1 FORMAT (IX. l2e(‘*‘>.A',45X.
1 ‘OCCUPANTS INTERRUPTION TOTALS!‘.✓✓.58X.
2 ‘REPORTS TOTAL NUMIER OF FRAfES SPENT IN HIDES*,
3 /■✓.ix.i2er*‘>)

2 FORMAT (IX, * 1NTRPT*,28X,‘OCCUPANT*./.2X,‘TYPE*,
1 1BX.20(I3))

3 FORMAT (1X.12B('**),/'.®(.*1*.11X.2B(I3)>
31 FORMAT (4X.‘2'.llX.28CI3>.'.!X.I2ec»')>
4 FORMAT (IX.120('•').✓✓.50X.'DOOR PASSAGE TOTALS*.

I ^,1X.120(*»').-*.55X,‘OCCUPANT')
5 FORMAT (3B::.20'I3),A1X.12B(*»‘>>
6 FORMAT (3OX.20iI3)..<MX.120('«'))
T FORMAT (IX.I20('»')./V.52X.'END OF TOTALS',/✓. IX.

. I 129C'»')>-
B FORMAT (lX.129C‘«‘>./,/'.55X.*EHD OF RUN'.AMX,12B(*P*>>

RETURN
END
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c
c
c
c
c
Cl IBM UNIFORTIY DISTRIBUTED RANDOM NUTBER CENERATDR:
C: SUBROUTINE «*AUDU* (FROM SSP-2 PACKAGE). BASED ON THE

Cl PC UEr.-RESIDUE fETHOD.
C

SUBROUTINE RANDOM! ITltt.NTHIS. IHAND1. INT. IBYSTD. 1EVAL.
1 XO.YO.IBAR.TOTCAR.XT.YT.NAGREE.XE.YE.IAGREE.IRAND.
2 R.rDVE.MC.YK.K.L. IE. ICOALX. ICOALY. 1 ENTER.X)
I Y» IRAND>€5539
IF (IY> S.C.S 

S IY-IY«21«F483647a|
S X-IY

X* X*.4S5SS13E-9
IRAND-IY
RETURN
Fun
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