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How can a large building with many occupants be evacuated in 
minimum time, and where are the bottlenecks likely to occur in such 
an evacuation? In order to address this question, three network 
building evacuation models have been presented. It is believed that 
the models provide useful new tools for the analysis of building 
evacuabflity, and have the potential to facilitate the study of the in- 
terrelationships with building design, building redesign, and building 
evacuability. 

L T H O U G H  B O T T L E N E C K S  are known  to be  of in t e re s t  in the  
emergency  evacua t ion  of bui ldings ,  we know of no l i t e ra tu re  t r ea t i ng  

such evacua t ion  p rob lems  us ing  n e t w o r k  op t imiza t ion  models .  I t  is the  pur- 
pose  of  this  paper  to p r e sen t  some n e t w o r k  op t imiza t ion  mode l s  for  such 
problems.  Af te r  cons ider ing  l i t e ra tu re  for bu i ld ing  evacua t ion  problems ,  we 
p r e sen t  our  pi lot  p ro jec t  exper ience  in c o n s t r u c t i n g  and  us ing  a t ime- 
d e p e n d e n t  n e t w o r k  flow model  of a real bui lding,  and i ts  occupan t s .  Then  
we cons ider  some s u b s e q u e n t  mode l ing  effor ts .  F ina l ly  we ident i fy  some 
open research  and d e v e l o p m e n t  oppor tun i t i es .  

There  are a n u m b e r  of r easons  w h y  the e m e r g e n c y  e v a c u a t i o n  of a 
bui ld ing  m a y  be necessary .  While  the  th rea t  of smoke  and/or  fire is pe rhaps  
the  m o s t  obv ious  reason,  o the r s  m a y  include the t h r ea t  of an ea r thquake ,  a 
toxic or na tu ra l  gas  leak, a power  b l a c k o u t  and/or  e l eva to r  failure, a b o m b  
th rea t  (one g o v e r n m e n t  bui ld ing  was  e v a c u a t e d  seven  t imes  in one year  due 
to b o m b  threats) ,  and  a civil defense  emergency .  Also, i t  is not  unusua l  for 
large  bui ld ings  to unde rgo  regular  prac t ice  evacua t ions ,  and it is na tu ra l  to 
plan so tha t  the  prac t ice  will go well. In  addi t ion  to their  impac t  on bui ld ing  
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occupants ,  the foregoing reasons may  well be of direct  concern to bui lding 
managers ,  bui ld ing designers,  and  archi tects ,  to public safety officials 
responsible  for enforcing bui lding safe ty  codes, and to insurance companies.  
As large bui ldings m a y  conta in  t housands  of people, it  is cer tainly clear 
tha t  accept ing  the  responsibi l i ty  for the  successful  emergency  evacuat ion  of 
a bui lding is a subs tan t ia l  under tak ing .  

The pilot  project  p resen ted  here involves an actual  building,  an eleven- 
floor s t ruc tu re  known as "Bui ld ing  101" located at  the Gai thersburg ,  
Mary land  campus  of the Nat ional  Bureau  of S tandards .  A "ske le ta l"  net- 
work model  of the  bui ld ing was cons t ruc ted  to represent  the following en- 
t i t ies (as well as pa ths  of m o v e m e n t  between them): workplaces,  halls, doors 
between workplaces  and halls, elevators,  stairwell landings,  stairwells, 
doors be tween halls and stairwells, a lobby, doors be tween stairwells and 
the lobby, and  lobby doors. The model  de te rmines  an evacuat ion  rou t ing  of 
the people in the  bui lding so as to minimize the  t ime to evacuate  the  
building. The model  is dynamic  in the  sense tha t  it represents  the pa t t e rn  
ofbui lding evacuat ion  as it  changes  over time; t ime is divided into discrete  
t ime periods, and the  model  shows the changes  in the  evacuat ion  s t a tus  dur- 
ing each t ime period, as well as the  s t a tus  at  the  end of each t ime period. 
Da ta  for the  model  include such th ings  as the  numbers  of people in 
workplaces prior to an evacuat ion,  stairwell  flow rate  capacities, hall and 
lobby flow rate capacities,  as well as s ta t ic  capacit ies such as the total  
number  of people a hall, workplace,  or stairwell can accommoda te  at  any 
poin t  in t ime. 

By carrying out  a sens i t iv i ty  analysis  with  the model, in teres t ing  " w h a t  
if" quest ions,  such as the following, can readily be addressed:  

• How should the bui lding be evacua ted  if a fire breaks out  on the t en th  
floor? 

• Would  the use of "express  e leva tors"  facil i tate the evacua t ion  of the  
building, and, if so, by how much? 

• W h a t  if a fire blocks a stairwell and/or some halls? 
• W h a t  if we add more  bui lding exits? 
• W h a t  if we add more  stairwells, or widen exis t ing stairwells? 
Now consider  some of the  evacua t ion  l i terature.  Much  of the re levant  

l i tera ture  exists  as g o v e r n m e n t  reports.  S tahl  and Archea, 36 and Pauls  3~ list 
a large pa r t  of the  Engl i sh  language  evacuat ion  l i terature.  Pauls  is the 
au thor  of a number  of in te res t ing  repor ts  and papers  on evacuat ion  prob- 
lems. ~8-~2 Pauls '  work, toge ther  wi th  work of Fruin,  ~7 summar izes  much  of 
the da ta  available on the m o v e m e n t  of people in confined spaces and is the 
source of some of the da ta  for the Bui ld ing 101 model. Berlin 2-5 has been 
amo n g  the first  to apply m a n a g e m e n t  science/operat ions research 
me thodo logy  to fire safe ty/bui ld ing evacuat ion  problems.  The por t ion of his 
work mos t  closely related to ours is his use 4 of the Ford and Fulkerson  max- 
flow a lgor i thm 's to ident ify bui lding evacuat ion  bot t lenecks.  The book by 
Roy tman ,  35 t rans la ted  from Russian,  gives some indicat ion of the  bui lding 
evacuat ion  l i tera ture  in the Soviet  Union. Also of in te res t  is the book in 
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German  by Predtechenski i  and Milinskii. 3~ 
I t  is impor t an t  to recognize t ha t  a topic often of in teres t  in a bui lding 

evacuat ion  is the  behavior  of individuals;  see, for example  the b ibl iography 
by B r y a n ?  Many  of these behavioral  concerns do no t  seem to be readily 
representable  wi th  ne twork  flow models,  and their  absence may  well be the  
major  l imi ta t ion of ne twork  model ing  approaches.  On the o ther  hand,  the  
"global  view" obtainable  by ne twork  model ing  seems often to be absent  in 
behavioral  approaches.  Thus,  in a sense, behavioral  and  ne twork  flow 
models  can be complementa ry .  

I N I T I A L  M O D E L I N G  

Figure  1 shows a " b e n c h m a r k "  s ta t ic  ne twork  model  of Bui ld ing 101, 
with  nodes styl ized so as to sugges t  the  bui lding componen t s  they repre- 
sent. The bui lding was chosen as a convenient  s tudy  vehicle for explor ing 
the  applicabil i ty of ne twork  flow opt imiza t ion  models  to bui lding evacua- 
tion. While the bui lding is pe rhaps  am ong  the s imples t  for which the  con- 
s t ruc t ion  of a ne twork  flow opt imiza t ion  model  may  be worthwhile ,  it  is 
clear t ha t  experience gained in model ing  the bui lding will facil i tate the  
model ing  of more  compl ica ted  buildings.  Wi th  the  possible except ion of 
escalators  (which can be modeled as " fas te r "  stairs) we believe the bui lding 
we model  contains  all of the  basic componen t s  one would expect  to repre- 
sent  in a multi-floor office building,  a p a r t m e n t  building, or hotel. Obviously 
office workplaces  differ from a p a r t m e n t s  or hotel  rooms, bu t  they can be 
modeled in much  the same way. In  fact, for mos t  purposes ,  we believe each 
of the three enti t ies  would be modeled identically, s imply as a source of peo- 
ple. For the bui lding we model, office space per floor for each of floors 2 
th rough  11 is about  5,800 square feet, and these floors conta in  in total  about  
323 occupants ,  so the ratio of floor space to occupants  is probably  more 
than  would be found in a typical  office building. However,  as we shall see 
subsequent ly ,  when 50 extra  people are placed on the t en th  floor, no 
changes  at  all are needed in the s t ruc tu re  of the model  (and only one da ta  
card needs to be changed) to represent  having  extra  people in the  building. 
The o u t p u t  of the model  may  well change as a resul t  of hav ing  extra  people, 
bu t  the model  s t r u c t u r e  will typically remain the same. 

In addi t ion to the offices on floors 2 th rough  11, Bui ld ing 101 conta ins  a 
number  of service funct ions  on the first  floor, such as auditoria,  mee t ing  
rooms, a cafeteria, the personnel  division, and a library. The bui lding also 
has an extensive  basemen t  conta in ing  a number  of services. The model  
represents  only floors 2 th rough  11 toge ther  wi th  the par t  of the  first  floor 
tha t  migh t  actual ly be util ized dur ing  a bui lding evacuation.  We have not  
modeled all of the details of the first  floor because the lobby is two floors 
high and, in addit ion,  an unoccupied floor conta in ing the hea t ing  and air 
condi t ioning sys t ems  lies between the first  and second floors. Thus  we 
would expect  mos t  first  floor occupants  to be able to evacuate  the bui lding 
before any occupants  from higher floors reach the first  floor. 
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Figure 1. Building 101 static network. 
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The static model is basically a t ransshipment  model, 11 where origins 
represent  work centers, t ransshipment  nodes represent  portions of the 
building, and dest inat ions represent  the building exits. Specified numbers  
of people begin at  {composite) work centers (e.g., W, ,, WC, ,) move into halls 
{e.g., H,,,  HC,,), then enter one of two stairwells, A or B {e.g., SWA,,,  
SWB,,). Once people are in the stairwells, they can either descend to the 
first floor stairwell doors {SWAD and SWBD) or, if in stairwell B, transfer  
to stairwell A on the fifth or ninth floors. People can also descend to either 
the fifth or ninth floors to await  the arrival of regularly scheduled elevators 
(ELg, EL~). (As the modeling of elevators requires a different approach than 
used elsewhere, we postpone its discussion until  later.) 

Numbers  above and to the r ight  of the nodes represent  static capacities. 
Each  node stat ic capaci ty is an upper bound on the number  of people 
s imultaneously allowed in the building component  the node represents;  e.g., 
at  most  99 people can be in the third floor workplaces at  one time, and at 
most  140 people can be in the third floor hall at  one time. Static capacities 
would typically be determined by dividing the floor space area of building 
components by chosen min imum allowable amounts  of floor space area per 
person. The two-tuples in brackets adjacent  to the arcs give as their first 
ent ry  the dynamic arc capacity in people per time period, and as their sec- 
ond entry the arc t ransi t  time, measured in time periods of 10 seconds dura- 
tion. Dynamic  capacities are upper bounds on "flow ra tes"  and have units  
of people per t ime period. Thus if we ant icipate tha t  at  most  42 people per 
minute  can pass by any point in a stairwell, and if we know the length of a 
time period is 10 seconds, then we obtain a stairwell dynamic capacity of 
42/6 = 7 people per t ime period. Dynamic  capacities are typically imposed 
by passageway widths, e.g., stairwell widths, hall widths,  and door widths. 
A time period determines the basic uni t  in which travel times are measured. 
For the Building 101 model we chose 10 seconds as the length of the t ime 
period. Thus, for example, specifying two time periods for descending one 
floor in a stairwell means we allow twenty  seconds. Generally speaking, the 
proper choice of the length of a time period may not be obvious; we shall ad- 
dress this mat te r  subsequently.  

I t  is assumed tha t  people leaving Stairwell A may exit by passing 
through the par t  of the first floor in the vicinity of the personnel corridor 
door {PCD), walking along the personnel corridor past  the Stairwell B door, 
and then leaving the building via a crosswalk exit {represented by a 
hypothet ical  "turnst i le" ,  TRNC). Alternatively,  people can pass by the per- 
sonnel corridor door area and travel directly to the side exit {represented by 
another  hypothet ical  turnstile,  TRNS), or pass by the area in the lobby near 
the receptionist 's  desk (RCPD) and exit via the four front doors 
{represented by a hypothet ical  turnstile, TRNF). People arriving in the 
lobby by elevators either from the fifth floor (LEL5) or the ninth  floor 
(LEL9) enter an area {DUMMY) which represents the space immediately in 
front of the four elevator doors; from this space they are free to exit via any 
one of the three available exits. Note tha t  the total number  of people leaving 
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the building via all three exits is the total  number  of people in building, 323. 
The model is highly sensitive to the dynamic  capacities of  stairwells. 

These max imum flow rates were determined as follows. Based on the obser- 
vation of actual trial building evacuations, Pauls J° has found empirically 
that  in bott leneck si tuations flow is related to width and the number  using 
the stairwell. He suggests  the following empirically determined equation for 
stairwell flow rate: f(x) = (0.206) w[(x/w)°27]. Pauls '  model gives fix}, the ex- 
pected rate (with units of people per second) at which a total  of x people 
leave the foot of a stairwell. The term w is the effective width of a stairwell 
in meters,  obtained by subtract ing 0.3 meters  from the actual width. For 
Building 101, the stairwell effective width is given by w = 0.82 meters,  so if 
165 people (about half the number  of people in the building) use each 
stairwell, Pauls '  model predicts a flow rate  of f(165) = 0.7074 people per sec- 
ond, or about  7 people per 10-second time period. Pauls'  formula is not to- 
tally satisfactory,  but  is sufficient for our needs since an increase of 50 per- 
cent in the number  of people to use the stairwell (from 165 to 248) would in- 
crease the maximal  flow rates only from 7 to 8 (as a result  of the 0.27 expo- 
nent). As Figure 1 indicates, we took the dynamic  capacities of the 
stairwells to be 7 people per t ime period in the benchmark model. Pauls '  
equation points out a l imitation of the network flow model, namely, the 
assumption tha t  the stairwell flow rates are independent  of stairwell usage. 
This l imitation seems unavoidable with a linear model; it does not appear to 
be too critical, but  should be kept in mind. 

Once the static model is obtained it can be expanded into a dynamic 
model using the procedure of Ford and Fulkerson. 'J To facilitate the subse- 
quent discussion, we s ta te  the procedure briefly as follows. Let the dynamic 
model have T time periods. For each node s of the static model, construct  T 
+ 1 copies of node s, placed in a row and numbered 0, 1 . . . . .  T consecutively 
from left to right. Between any two adjacent  copies of node s, numbered say 
j and j + 1, construct  a (directed) holdover arc from copy j to copy j + 1 
whose capaci ty is the same as tha t  of node s. For each static node tha t  is an 
origin, let node copy 0 of the static node also be an origin, with the same 
flow input. For each static node tha t  is a destination, let node copy T of the 
static node also be a dest inat ion with the same flow output.  For each static 
directed arc, say from static node i to static node k, and having traversal  
time p (a positive integer), and for every integer t between 0 and T - p, con- 
s t ruct  a (directed) movement  arc in the dynamic  network from copy t of 
node i to copy t + p of node k. I t  is easy to verify tha t  if the static model has 
n nodes and a arcs, and the dynamic  model has T time periods, then (n + a)T 
is an upper bound on the number of arcs in the dynamic model, while n(T + 1) 
is an upper bound on the number  of nodes of the dynamic model. These up- 
per bounds can often be decreased substant ial ly  by deleting "inessent ial"  
arcs and nodes in the dynamic  model, i.e., arcs and nodes not lying in at  
least one directed path  from copy 0 of some workcenter  node to copy T of 
some exit (turnstile). 

Normally the way one determines T is from the equation T = HI5, where 
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H is the  bui lding evacuat ion  p lanning  horizon of interest ,  e.g., 600 seconds, 
and  6 is the  l eng th  of a t ime period, e.g., 10 seconds. Thus  the  dynamic  
model  can have as m a n y  as n(H/5 + 1) nodes, in which case i ts  computa-  
t ional t rac tabi l i ty  will be inversely propor t ional  to the  magn i tude  of 5. On 
the  o ther  hand, the smaller 5 is chosen the more  accurate ly  the  model  can 
represent  actual  arc t raversa l  t imes.  Choosing 5 too small, however,  can 
resul t  in dynamic  capacit ies  not  being integers,  which may  well violate an 
all-integer requ i rement  of wha tever  a lgor i thm compu te r  code is used  to 
solve the  dynamic  model. As Maxwell  and Wilson 24 point  out, the  choice of 5 
is a compromise  be tween model  real ism and  model  computa t iona l  trac- 
tability.  Ideally, suppos ing  all arc t raversa l  t imes  to be in tegers  originally 
{e.g., seconds), Maxwell  and Wilson poin t  out  t ha t  a reasonable  choice of 5 is 
the g rea tes t  common  divisor of all the  t raversa l  t imes.  Unfo r tuna t e ly  the  
grea tes t  c o m m o n  divisor may  be one, in which case it may  well be necessary  
to alter some of the  t raversa l  t imes in order to find an acceptably  large 
g rea tes t  c o m m o n  divisor. In  view of the emergency  na ture  of the  bui lding 
evacuat ion  problem, one may  wish to make  all such a l tera t ions  increases,  in 
order to be assured tha t  the model  will not  unde re s t ima te  the m i n i m u m  
bui lding evacuat ion  time. If necessary,  it  m ay  be a good idea to exper imen t  
with different  choices of 5 us ing  a small  p ro to type  problem. 

We now discuss the model ing  of elevators.  Pauls  2~ has d iscussed the  use 
of express elevators,  r unn ing  between the  first  floor and selected "safe"  
floors, i.e., floors tha t  have special features  to pro tec t  t h e m  in the  event  of a 
fire, such as being pressur ized so as to p reven t  smoke  from en te r ing  the 
floors. In  reality, floors 5 and 9 are not  "safe"  floors, and Bui ld ing 101 prob- 
ably does not  have enough  floors or people to mer i t  the use of express  
elevators.  The inclusion of e levators  in this  model  is pr imar i ly  hypothet ica l ,  
wi th  the  aim of learning how to include t hem in a ne twork  representa t ion.  In 
part icular ,  we wish to emphasize  t ha t  we do not  advocate  the  use of or- 
dinary elevators  in case of a fire. 

Bui lding 101 has four elevators,  each wi th  a capaci ty  of about  s ixteen 
people. The model  represents  elevators  runn ing  on a regular  schedule be- 
tween the fifth floor and the lobby, and the  n in th  floor and the  lobby. In  par- 
ticular, e levators  leave each of the  two floors once per minu te  for the lobby, 
beg inning  at  the  s t a r t  of t ime period five for the  fif th floor, and  the  s t a r t  of 
t ime period six for the  n in th  floor. To simplify th ings  a bit, it was a s sumed  
tha t  each of the two floors is served by a pair  of elevators,  opera t ing  in 
tandem.  The m o v e m e n t  of elevators  f rom the fifth floor to the lobby is 
represented  by inser t ing  a directed arc of capaci ty  th i r ty- two from copy t of 
s tat ic  node ELs to copy t + 4 of s ta t ic  node LELs, t = 6, 12, 18 . . . . .  
Likewise, the m o v e m e n t  of elevators  f rom the n in th  floor to the  lobby is 
represented  by inser t ing  a directed arc of capaci ty  th i r ty- two from copy t of 
s ta t ic  node EL~ to copy t + 4 of s ta t ic  node LELg, t = 7, 13, 19 . . . . .  * More 

* Subsequently we concluded that  our elevator timing was a bit optimistic, and that  it 
would have been better to allow either 5 or 6 time periods (instead of 4) for loading, traveling 
to the lobby, and unloading; clearly such a change would be easy to make in the model. 
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generally, it should be clear tha t  the travel of individual elevators can be 
modeled if desired, providing only tha t  each runs on a known schedule in 
multiples of the durat ion of a time period. I t  does not seem possible to repre- 
sent, however, in a network flow optimization approach, the si tuation where 
elevators move in response to demand on individual floors. In any event, we 
would probably want  to preclude such demand-actuated elevator movement  
during a building evacuation. For more detail on the modeling of Building 
101, part icularly data considerations, see Reference 14. 

To this point we have not discussed the use of arc costs. I t  is simplest to 
discuss arc costs with specific reference to Figure 1 and Turnsti le F, the 
front " turnst i le" .  The flow in the copy of arc (RCPD, TRNF) tha t  has copy t 
of node TRNF as its head node represents  the number  of people passing 
through the front  exit at  the end of period t; we assign this flow a cost of t, 
for t -- 0, 1 . . . . .  T. Likewise for t -- 0, 1 . . . . .  T we assign a cost of t to the 
flow in the copy of arc (RCPD, TRNS), and of arc (PCD, TRNS), with copy t 
of node TRNS as its head node. Also we assign a cost of t to the copy of arc 
(SWBD, TRNC) having copy t of node TRNC as its head node, for t = 0, 1, 
. . . .  T. {We treat  the E X I T  node as a single super sink in the dynamic  
model.) For convenience we shall refer to this approach of assigning a cost of 
t to each person passing through an exit at the end of period t as the turn- 
stile costing approach. We can think of this approach as involving 
hypothet ical  turnsti les at  the exits, with people being charged more the 
later they pass through the turnstiles.  Thus, given a feasible solution, the 
objective function value, which we call the total turnsti le charge and denote 
by np, is a representat ion of the total  number  of periods incurred by 
everyone in exit ing the building. For a given feasible solution, dividing the 
total turnsti le  charge by the total number  of people exiting the building via 
the turnsti les {a known positive integer) gives ~5, defined to be the average 
number  of periods an evacuee needs to exit the building. Thus minimizing 
np is equivalent to minimizing ,5. 

Jarv is  and Ratliff 2° have proven what  we term a triple optimization 
result, tha t  minimizing np simultaneously maximizes f(t), defined as the 
total number  of people exiting the building by the end of period t, for all 
values of t, t = 1 . . . . .  T, and also minimizes pt, defined as the period in 
which the last person leaves the building.* The key to their approach is a 
result  due to Minieka, 2' which yields a construct ive proof tha t  f(t) can be 
maximized for all t whenever  a feasible solution exists. This triple optimiza- 
tion result  is ra ther  nice, as it implies that,  for a well conducted building 
evacuation, the t iming criterion used to measure the building evacuation 
time may not be critical. In addition, the result  may well make the dynamic  
modeling approach more a t t rac t ive  to end users, who might  have a 
preference for one of the three objective functions. 

* Actually they prove a somewhat more general result. Let t ing c, denote the cost assessed 
to everyone leaving the building during period t, and assuming that  c, < c 2 . . .  < c7, Jarvis  
and Ratliff prove that  minimizing the total turnstile cost maximizes fltl for all t and minimizes 
p , ,  while maximizing fit) for all t minimizes both the total turnstile cost and p , .  
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An al ternat ive to the turnst i le  approach to find the min imum building 
evacuat ion time is to ad jus t  T using a bisection search method. We could 
find the smallest  T for which there exists a feasible solution to the dynamic  
model, using procedures such as the Ford and Fulkerson max-flow 
algori thm (modified for positive lower bounds on arc flowsL '3 a simplex 
method Phase  I , "  or Fulkerson 's  out-of-kilter algorithm,'3 which give unam- 
biguous indications of whether  or not a feasible solution exists. The bisec- 
tion search approach is provably correct and computat ional ly  efficient, but  
has the disadvantages  of requiring substant ia l  computer  p rogramming  ef- 
fort to implement,  of not providing useful dual variable information, as well 
as being less flexible for carrying out sensit ivy analyses than the turnst i le  
approach. 

I t  would be desirable, of course, to solve the dynamic model by working 
only with the static model, as can be done with many  dynamic  max-flow 
problems {see Halpern 's for a good recent  discussion and bibhography).  
However,  considering the need to model elevators, as well as to represent  
changes in a building s ta tus  over t ime (e.g., decreased hall capacities and 
flow rates due to smoke movement}, we believe tha t  for many problems of 
interest  the use of the dynamic model is essential. Since the dynamic  model 
has a good deal of special s t ructure,  the s t ruc ture  can be exploited, as is 
done in the algori thm due to White29 However,  the a lgor i thm we have ac- 
tually used to date is GNET, 6 primarily because of its ready availability, ef- 
ficiency, and ease of use. 

Also relevant is the work of Maxwell, Wilson, et al. 222428 on dynamic 
materials handl ing systems. Their work occurred at  the same t ime as, but  
independent ly  of, ours. Despite the difference in application, the modeling 
approaches and methodology are quite similar. The computer  implementa- 
tion due to Maxwell, Wilson, et al., which permits  the input  of a stat ic 
materials  handl ing network by means of a light pen and then automatical ly  
constructs  and solves the dynamic model, sets high s tandards  for wha t  can 
be achieved in making dynamic  network modehng approaches highly ac- 
cessible to their u l t imate  users. 

D Y N A M I C  M O D E L  R U N S  

We now summarize the results  of a number  of computer  runs of the 
Building 101 dynamic model. The dynamic model used has 5,543 arcs, 2,591 
nodes, and 58 time periods. G N E T  run times were consis tent ly  30 to 32 
seconds on a CDC 3600 computer.  A number  of programs TM were developed 
to help analyze and summarize the GNET output.  

Table 1 lists and defines a number  of sensi t ivi ty analysis runs made, and 
gives values of p, and ~. The correlation between the listed values of~ and p, 
is remarkably  high (0.9952}, presumably due to the triple optimization 
result. (In all the runs the side exit was "closed",  as it is seldom used in ac- 
tuality.} 

Run 2 is the benchmark run, in the sense tha t  it is based on the da ta  in 
Figure 1 tha t  most  closely represents  the current  s tate  of Building 101, and 
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indicates  the m i n i m u m  bui lding evacuat ion  t ime is 350 seconds. (Flow rates 
th rough  turnst i le  F and turns t i le  C were each 7 people per t ime period in 
each of 23 t ime periods, while there was one period in which only 1 person 
used turns t i le  F. Such close agreement  wi th  the predic t ion of Pauls '  model  
was reassuring.I  Runs  4 and 5 could represent  a part ial  blockage of Stairwell  
B; in Run  4 only 97 people passed th rough  the Stairwell  B door, while in 
Run  5 only 41 people passed th rough  the Stairwell  B door. Run  6 is like Run  
2, wi th  the extra  feature tha t  elevators  are used, and there are 50 extra  peo- 
ple on the t en th  floor. The use of elevators  expedi tes  the evacuat ion  greatly,  
and the only unexpected  resul t  is tha t  46 of the 142 people on floors 9 
th rough  11 do not  use the elevators,  perhaps  a deviat ion from the actual  
behavior  one migh t  expect.  Run 9 represents  a s i tua t ion  where Stairwell  A 
is not  used at all between the second and first  floors, and elevators  are used. 
In Run  9 everyone on the n in th  th rough  e leventh  floor uses the elevators,  
and 54 people transfer  from Stairwell  B to Stairwell A on the fifth floor. 
Figure 2 i l lustrates  queuing  for the fifth floor elevator in Run  9. For Run 10, 
costs  are ass igned to the holdover  arcs on the t en th  floor in early periods. In 
this run, everyone is off the t en th  floor by t ime period 3, as compared  to 
t ime period 6 in Run 2. 

The stairwells of Bui lding 101 are 44 inches wide {stairwell wid ths  in the 
U.S. are typically integer  mul t iples  of 22 inches}. For such a width,  an in- 
fluential and widely accepted National  Bureau of S t anda rds  s tudy  of 1935 '2 
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Figure 2. Wait ing for elevators on fifth floor, Run  9. 



Network Models  101 

would r ecommend  a flow rate of 90 people per minute .  As Pauls '  model  
predicts  only 42 people per minute ,  and as the rate of 90 people per minu te  is 
now somewha t  controversial ,  in Run  16 stairwell flow rate capacit ies  were 
set to 15 people per t ime period to see if the model  could achieve a flow rate 
of 90 people per minute .  An  examina t ion  of the number  of people pass ing  
per t ime period th rough  the Stairwell  A and B doors showed tha t  the 15 peo- 
ple per t ime period rate was achieved only for t ime periods 10 and 24 for 
Stairwell  A; likewise for Stairwell  B. Effect ively wha t  happened  in Run  16 
was tha t  the  stairwell flow rate capacit ies were so large tha t  they were 
hardly  ever binding; in fact, the 30 t ime periods needed to evacuate  ~he 
building (a reduct ion  of only 5 t ime periods over Run  2) is j u s t  the  number  of 
periods it takes,  for the occupants  descr ibed by given model  data,  to walk 
un impeded  from the top floor to an exit. We es t ima te  there would have ~o be 
at  least  540 people in the bui lding in order for a cons i s ten t  flow rate of 15 
people per t ime period to be main ta ined  by the model. 

We shall refer to the arc dual variables as bot t leneck variables, since 
they are useful  in ident i fy ing bott lenecks.  Recalling the convent ional  inter- 
pre ta t ion  of (optimal) dual variables, bot t leneck variables for ~he dynamic  
model  give predicted changes  in the m i n i m u m  value of np due to 
cor responding  uni t  changes  in arc capacities. Equivalent ly ,  d ividing the 
value of a bot t leneck variable by the number  of people exi t ing the bui lding 
gives a predic ted  change in ~ due ~o a uni t  change in the capaci ty  of the cor- 
responding  arc. Hence, in a real sense, ~he bot t leneck variables measure  
bot t leneck effects. Table 2 gives a s u m m a r y  of bot t leneck information.  For 
the indicated arcs, the table summar izes  the  number  of t imes a copy of each 
arc of the s ta t ic  model  had a nonzero bot t leneck variable value. Thus  for ex- 
ample, in Run  2, 23 copies of the arc (SWA2, SWAD) and of the arc (SWB~, 
SWBD) had nonzero bot t leneck variable values; in these ins tances  the 
values proceeded in increments  of one beginning  with - 2 3 ,  to - 1, wi th  - 2 3  
being for the earliest  arc copies with nonzero flows. A reasonable  implica- 
tion of the manner  of change in ~he values of the bot t leneck variables, not  
only in this instance,  bu t  in other  ins tances  as well, is ~hat the earlier we can 
make  extra  stairwell  capaci ty available dur ing  an evacuation,  the bet ter  off 
we will be. Consider ing Runs  1 th rough 5.. we can see, with  the exception of 
one anomaly  in Run  1, tha t  the only bot t lenecks  were the por t ions  of the 
stairwells between the first  and second floors. Hence if only a par t  of ~he 

• T A B L E  2 .  Bottleneck Arcs for Runs 1 Through 9, Showing Number of Arc Copies With Nonzero Variable, 

Ares 

N u m b e r  of SWA ,o W, SWA° SWB, SWA, SWA2 SWB~ ELo EL~ SWBD PCD RCPD 
bot t lenec~ to  to  to to ¢o to  to  to to  to to  to  
copies SWA, H, SWA, SWB~ EL, SWAD SWBD LEL, LEL~ PCD RCPD TRNF 

l 23 21 1 1 
2 23 23 
3 26 26 
4 32 32 

Run 5 40 40 
Number 6 2 1 8 6 l 9 11 3 5 6 

7 1 9 U 2 1 6 
8 1 14 14 2 2 6 
9 1 15 2 2 7 
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stairwell could be widened, we would benefit  most  by widening the par t  be- 
tween the first  and second floors. 

From the point of view of bottlenecks, perhaps the most  interest ing run 
is Run 6. Having 50 extra people on the ten th  floor, in conjunction with run- 
ning elevators between the lobby and the fifth and ninth floors, caused a 
number  of extra parts  of the stairwells to become bottlenecks, as indicated 
in Table 2. Also the elevators themselves were bottlenecks, in the sense tha t  
larger elevators would permit  a quicker evacuation of the building. We can 
see from Table 2, not only for Run 6, but  for Runs 7, 8, and 9 as well, tha t  
the front  exits are sometimes bott lenecks {due to the elevators periodically 
unloading large numbers  of people into the lobby}. While not shown in Table 
2, in Runs 16 and 17, when stairwell dynamic  capacities were set to 15 peo- 
ple per period, the stairwells were never bottlenecks. The only significant 
bott lenecks in Run 16 were seven copies of each of the arcs (SWAD, PCD) 
and (PCD, RCPD), which represent  movement  between contiguous par ts  of 
the lobby. In Run 17, elevators were used {and were bottlenecks}, the front  
exits were bott lenecks during four t ime periods, and the crosswalk exit was 
a bott leneck during three time periods: all other bott lenecks were insignifi- 
cant.* 

An interest ing phenomenon observed in every run except Run 9 (in 
which elevators are used and the Stairwell B door was closed} is tha t  the 
time periods during which each of the exits "clear"  differ by at  most  one. A 
second related phenomenon of interest  was tha t  the allocation of people to 
stairwells was (usually) directly proportional to stairwell flow capacities. An 
a t t empt  to determine whether  or not these phenomena might  represent  
provably true results for a simpler model led to the development  of the 
models we shall discuss after the next  section. 

O B S E R V I N G  A N  E V A C U A T I O N  

In conjunction with National Fire Prevention Week there is an annual, 
preannounced evacuation drill in Building 101 at the National Bureau of 
Standards.  One such drill was observed af ter  permission was obtained to 
collect a limited amount  of information from the evacuees. Three observers 
were positioned at  the first floor base of each stairwell. One observer in- 
s t ructed the evacuees to s ta te  their floor of origin as they passed by the sec- 
ond observer. The second and third observers recorded the floor numbers  in 
order as the people passed, using a s topwatch to mark  the list at ten-second 
time intervals. (The use of portable tape recorders facilitated recording and 
t iming activities.} The observers were given very short  notice on which to 
prepare, and they were not experienced in data  collection efforts. 
Nonetheless, the overall data trends are felt to be representat ive of the ac- 
tual drill. 

The evacuation commenced about 9:00 A.M. A total of 258 people were 

* We do not illustrate arc dual variable information for Runs 10 through 15, as the objec- 
tive functions for these runs have no direct physical interpretations, but rather were used in a 
heuristic manner to expedite immediate evacuation of the tenth and eleventh floors. 
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evacua ted  from floors two t h ro u g h  eleven. Stairwell  A, which cleared at  
t ime period 37 (370 seconds}, was used by 171 people, Stairwell  B cleared at  
t ime period 26 and carried 87 people. (One person, wi th  a leg in a cast, used 
an elevator.} Tables 3 and 4 list, for Stairwells A and B respectively,  the 
popula t ion  of each floor, the  number  of evacuees us ing  the  stairwell, and the  
first, second, next  to last, last, mean,  and median  t ime periods in which 
someone from each floor reached the  stairwell exit. Note  tha t  floor of origin 
da ta  were obta ined  for only 228 of the  258 evacuees. The unequal  distribu- 
tion of evacuees be tween stairwells is typical  of other  observed evacuat ions  
in which people prefer routes  closest  to elevators,  the  usual  means  of enter- 
ing and leaving the  building.  In  general  the  floors tended  to clear in order, 
however, the  last  person to clear Stairwell  A or iginated on floor 3 and 
remarked  tha t  he had delayed his evacuat ion  response because he knew it 
was only a drill! 

The model  claims opt imal  t imes of 30 and 31 t ime periods for 323 oc- 
cupan ts  to clear Stairwells B and A respectively.  Clearly, there is some 
room for i m p r o v e m e n t  in evacua t ing  the  building, since in the  drill Stairwell  
A did not  clear unt i l  t ime period 37 (one extra  minute} and the bui lding was 
only 80 percent  popu la ted  (due to a religious holiday). Occupants  could be 
t ra ined to utilize the  stairwells more  evenly, especially on the heavily 
popu la ted  upper  floors 6, 7, and 8 where 73 percent  of the occupants  utilize 
Stairwell A. In  general,  a compar ison  of drill resul ts  wi th  model  resul ts  can 
be used to sugges t  areas in which i m p r o v e m e n t s  can be obta ined and pro- 
vides a feeling for the a m o u n t  of t ime tha t  can be saved by uti l izing more  
nearly opt imal  evacua t ion  s trategies .  

S U B S E Q U E N T  M O D E L S  

As we have gained experience wi th  evacuat ion  modeling,  we have found 
tha t  in some ins tances  much  of the ins ight  provided by a dynamic  ne twork  

TABLE 3. E v a c u a t i o n  Dri l l  D a t a  for S ta i rwe l l  A 

T ime  per iods  at  s ta i rwel l  e x i t  
~1 t ime  per iod  = 10 seconds} 

Floor  o f  Floor  S ta i rwe l l  N e x t  to 
origin occupan t s  usage  F i r s t  S e c o n d  L a s t  L a s t  M e a n  M e d i a n  

2 16 14 9 9 22 24 13 11 
3 25 18 9 11 23 37 18 18 
4 22 8 11 12 17 18 16 17 
5 16 12 17 19 23 28 21 21 
6 30 19 14 16 25 27 20 19 
7 25 17 12 18 31 31 25 27 
8 29 26 25 25 37 37 31 31 
9 28 10 20 22 31 32 27 28 

10 17 13 22 23 31 31 28 29 
11 20 13 29 29 36 36 33 33 

Total  228 150 
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TAm.E 4. E v a c u a t i o n  Dri l l  D a t a  for S t a i r w e l l  B 

T i m e  per iods  at  s ta i rwe l l  e x i t  
(1 t ime  per iod  = 10 seconds)  

Floor  o f  Floor  S ta i rwe l l  N e x t  to 
origin o c c u p a n t s  usage  F i r s t  S e c o n d  L a s t  L a s t  M e a n  M e d i a n  

2 16 
3 25 
4 22 
5 16 
6 30 
7 25 
8 29 
9 28 

10 17 
11 20 

2 6 8 6 8 7 7 
7 8 8 12 15 10 8 

14 9 9 13 13 10 8 
4 11 13 19 20 16 16 

11 11 11 16 16 13 13 
8 14 14 15 17 15 15 
3 17 17 17 18 17 17 

18 16 16 25 26 21 20 
4 18 18 18 18 18 18 
7 18 9 25 26 22 21 

Total  228 78 

flow model can be obtained with a simpler model. We consider two such 
models in this section. 

In an a t t empt  to explain some of the results obtained in the Building 101 
runs, we developed a simple "graphical  model" (so-called because it has a 
graphical interpretation), which is discussed in more detail in References 15 
and 16. Similar models, developed in different application contexts,  have 
been considered by Brown. 78 

In order to introduce the problem that  the graphical model represents,  
suppose a building has k people to be evacuated by n routes, with each route 
having a single exit. Let t~(xj) denote the t ime for x~ people to clear the route 
j exit, j = 1, . .., n. We assume for e ach j  tha t  tj(0) = 0 and tha t  tj is a given 
str ict ly increasing and continuous function. Ignoring integral i ty re- 
quirements,  the problem of interest  is as follows: 

minimize z =- max[ t~(x j )  : j = 1 . . . . .  n] 

subject to 
x ,  + . . .  + x , , = k  

t i t  . . . , X~ ~ - O. 

That  is, we wish to find an allocation of people to route exits to minimize z, 
the t ime the last person exits the building. Two implicit assumptions pres- 
ent  in the model are (1) each evacuee has reasonable access to every route 
exit and (2) the t ime to clear a route exit depends only upon the number  of 
people using tha t  exit. 

For each j  the assumptions for t~ imply there exists an inverse function of 
tj, say pj, with p i(O) -- 0 and p i(z) (a continuous and strictly increasing func- 
tion) being the number of people who can clear route j by time z. For z __ 0, 
define the function P(z )  = p , I z )  + . . .  + p . ( z ) ,  the total number  of people who 
can clear the building via all n routes by time z. If z* denotes the unique 
number  determined by k = PIz* l ,  it can be shown '5 that  z* is the minimum 
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object ive funct ion  value. Fur ther ,  wi th  5 *=  p~(z*)  for each route  j, a (unique) 
o p t i m u m  allocation of people to routes  is g iven by x* . . . .  x.*. As p j ( z * )  is the 
number  of people who can clear route  j by t ime z* ,  a l l  routes  clear in the  
same time, z*. Hence we have wha t  migh t  be called a "un i fo rmi ty  
principle";  if a bui lding is evacua ted  in m i n i m u m  time, and if a s sumpt ions  
(1) and  (2) are satisfied, then there is a un i formi ty  of route  evacuat ion  t imes.  
Obviously this un i fo rmi ty  principle is a necessary  and not  sufficient condi- 
t ion for opt imal i ty .  

Fu r the r  ins igh t  can be obta ined from the graphical  model  by consider ing 
the linear case, t j(xj)  = xj / f j ,  where f~ is the  a s sumed  given flow rate of r o u t e j  
for j = 1 . . . . .  n. Defining F = f, + . . .  + fo, then  z *  = k / F ,  while the  alloca- 
tion of people to routes  is given by ~ * =  ( f J F ) k  for j = 1 . . . . .  n. Hence the 
number  of people al located to a route  is direct ly propor t ional  to the  flow 
rate of the route. In  Table 5 we give a compar ison  for Bui ld ing 101 of the  
graphical  and  dynamic  model  results.  We suppose  there to be two exits, C 
and F (the crosswalk and f ront  exits), wi th  the  flow rate of people at  each 
exit being tha t  of the  neares t  stairwell. To the t e rm k / R  f rom the  graphical  
model  we add twelve t ime periods,  the  m i n i m u m  number  of periods required 
for a second floor evacuee to reach an exit. We see from Table 5 tha t  the  two 
models give qui te  similar resul ts  except  for Run  16. The discrepancies  for 
Run 16 are due to the fact tha t  the graphical  model  is based on the  overly 
opt imis t ic  a s s u m p t i o n  tha t  a flow rate of 15 people per period can be con- 
s is tent ly  ma in ta ined  in each stairwell, whereas,  for Run  16, flow rates  of 15 
people per period were achieved in the dynamic  model  only dur ing  two t ime 
periods in each stairwell. Note  we have omi t t ed  from the compar i son  the 
runs in which elevators  were used. When  elevators  are used, all occupants  
do not  have equal access to all routes,  thereby violat ing one of the model  
assumpt ions ;  also, the  elevator  t ime funct ions,  while s t r ic t ly  increasing,  are 
discont inuous.  

Ano the r  case of in te res t  involves the  use of Pauls '  flow equat ion,  fj(xj) -- 
(0.206W,) [ (x f fwj )  °27] (discussed earlier) g iv ing  t j(xj) = xfff~(x~), j = 1 . . . . .  n. 

For this case, def ining W --  w ,  + . . . + w , ,  it can be shown tha t  z* = 
[ (k /W)°7- ' ] / (0 .206) ,  while :~* = ( w J W } k  fo r j  = 1 . . . . .  n. Thus  we obta in  the in- 
tui t ively appeal ing  resul t  t ha t  the number  of people al located to each r o u t e j  
is directly propor t ional  to the  effective wid th  of the route. 

We now consider  an in te rmedia te  model,  more detai led than  the 
graphical  model, bu t  less complex than  the  dynamic  ne twork  flow model  
considered earlier. 

The in te rmedia te  model  of in te res t  can be considered to be a var ia t ion of 
the type  of s ta t ic  model  d iscussed earlier, wi th  the same arc-node s t ruc ture ,  
but  wi thou t  t rans i t  t imes  or arc costs.  Hence the in te rmedia te  model  is a 
t r a n s s h i p m e n t  model  wi th  all (nonnegative) in teger  data,  for which only in- 
teger feasible solut ions  are of interest .  The flow x,j in an arc (i, j) t hus  
represents  the total  number  of people pass ing  from node i to node j dur ing  
the evacuat ion  of the  building,  wi th  the  capaci ty  of the  arc being a specified 
upper  bound  on this  flow. For a given n o n e m p t y  subse t  A of arcs, called 
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TAt3LE 5. Selected Comparisons of  Graphical and Dynamic Model Resul ts  

Graphical Model Information 

Run rF r~. k x'F- x*, 

Dynamic Model Information 
# Using # Using 

k/R + 12 T R N F  TRNC p, 

2 7 7 323 161.5 161.5 35.07 162 161 35 
3 7 7 373 186.5 186.5 38.64 189 184 38 
4 7 3 323 226.1 96.9 44.3 226 97 44 
5 7 1 323 282.625 40.375 52.375 282 41 52 

10 7 7 323 161.5 161.5 35.07 162 161 35 
11 7 7 373 186.5 186.5 38.64 184 189 38 
13 7 7 323 161.5 161.5 35.07 162 161 35 
14 7 7 373 186.5 186.5 38.64 189 184 38 
16 15 15 323 161.5 161.5 22.77 149 174 30 

cri t ical  arcs, we are  g iven no capaci t ies ,  bu t  ins tead  for each (i, j) e A wi th  
flow x,~ are  g iven a known  con t inuous  and  s t r ic t ly  increas ing  t ime  func t ion  
t,j (x,j) with  t,~ (0) = 0. (Note t h a t  t,j has a s t r ic t ly  increas ing  and  con t inuous  
inverse  func t ion  tS', w i th  the  p r o p e r t y  t h a t  tS'(0) = 0.) Here  t~j (x,~) is an 
e s t i m a t e  of the  t ime  it t akes  for the  x o  people us ing  arc  (i, j) to leave the  
building.  For  a g iven feasible solut ion (FS )  f ( ,  the  objec t ive  func t ion  value  of 
.~ is def ined to be 

z = fiX') = maxlt ,~(x,~)  : (i, j )  in AI, 

where  z is the  t ime  to evacua te  the  building.  We wish to f ind a feasible flow 
t h a t  minimizes  the  t ime  to evacua t e  the  building,  i.e., we wish to f ind z*, 
and  a F S  fi~*, for which 

z* = minlz = fl)~) : )~ is a F S I  = f i X * ) .  

For  an arc (i, j) in A,  when  (i, j) is not  an  arc end ing  in an exit,  it m a y  t ake  
the  las t  user  of this  arc  some t ime  to exi t  the  bui ld ing af te r  t r ave r s ing  the  
arc. An  opt imis t ic  e s t i m a t e  for this  r ema in ing  t ime  is the  t r ans i t  t ime  it 
t akes  t h r o u g h  the  p a t h  f rom node j to the  nea res t  exit. This  t ime  is called 
the  final t ime  e s t i m a t e  (FTE) for arc  (i, j). Similarly,  a lower bound  on the  
t ime  it t akes  be tween  the  s t a r t  of the  bui ld ing evacua t ion  and  the  i n s t an t  of 
the  f i rs t  person  s t a r t i n g  to use arc (i, j) c A is g iven by  the  t ime it t akes  the  
nea res t  person to node i to ge t  to t h a t  node. This  t ime  is called the  initial  
t ime e s t ima te  (ITE). A lower bound  on the  a m o u n t  of t ime  t h a t  arc  (i, j )  c A 
is idle dur ing  the  bui ld ing evacua t ion  is g iven by  the  s u m  of the  initial and  
final t ime  es t imates .  This  u n u s e d  t ime e s t i m a t e  (UTE) for arc  (i, j) c A is 
deno ted  by  d,~. Le t t i ng  z - d.j = ~i~ (x,j), t hen  t,~ (xi~) i s a n  upper  bound  on the  
t ime  t h a t  arc (i, j) is ac tua l ly  used, and z = t~j (x,i) -- t,j (x,j) + d~ for x~j - 1. 
For  the  case where  t,j = xJ f ,~ ,  Figure  3 i l lus t ra tes  the  above  defini t ions.  
Note  t ha t  for 0 _< x _< 1, t,j (x) is defined to be l inearly increasing from 0 to d,,  
+ ~,i (1). This  assures  t~ (x.j) is s t r ic t ly  increasing,  and  cont inuous ,  and  is ade- 
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qua te  for our  ana lys is  since only  in teger  feasible solut ions  are  of in teres t .  
Given  a FS, say  X, wi th  z = f (~ ,  the  capac i ty  of each cri t ical  arc (i, j) is 

def ined to be c,i(z), where  

c, lzl = It:; Iz ] 

with  [y] r ep re sen t ing  the  l a rges t  in teger  no grea te r  t h a n  y. Given  any  pro- 
posed z, each cri t ical  arc  capac i ty  c,Azl can now be computed ,  and  the  
resu l t ing  t r a n s s h i p m e n t  model  can be eva lua t ed  as to w h e t h e r  or not  it  has  
a FS; if it has, then  z* _< z; o therwise  z* > z. Hence,  a s imple b isect ion 
search  over  z will b r ing  us as close as des i red  to the  opt imal  t ime z*.Form- 
ally, the  p rocedure  is as follows: 

BISECTION SEARCH ALGORITHM 

Let ~ be a feasible and z_ be an infeasible building evacuation time {ini- 
tially ~ can be taken to be very large, z can be taken to be zero). The interval 

(~ ~) must contain z*. Let k = 0. 
(1) Addltok 
{2) Compute z~ = (I/2) (z_ + ~) and use z~ to compute the capacities of the 

critical arcs. 
(3) If z~ is a feasible B.E.T., set 5 = z~, otherwise z = z~. 

(4) If {~ - z) > c (where c is prespecified and positive) then go to (I). 
Otherwise take the most recent feasible solution to be epsilon-optimal and 

stop. 
The feasibi l i ty  of a bui ld ing evacua t ion  t ime  {B.E.T.) z~ can be checked  by 

c o m p u t i n g  c,~ (zA for all arcs  (i, j) in A, and  by  check ing  to see if there  exis ts  a 
feasible flow t h r o u g h  the  resu l t ing  t r a n s s h i p m e n t  network,  us ing  e i ther  a 
min-cost  ne twork  flow a lgo r i thm (e.g., out-of-kilter) wi th  all arc  cos ts  (at- 
bitrari ly) chosen  equal  to zero, by  app ly ing  a m a x  flow a lgor i thm or by  
us ing  a special izat ion (Phase 1) of the  s implex  method .  

A l t h o u g h  the b isect ion search  approach  adequa t e ly  solves the  s ta t ic  net- 
work  f rom a pract ica l  pe rspec t ive  {with z ---- 0, and  ~ -- 3600 seconds initial- 
ly, and  ~ = 1 second, t e rmina t ion  occurs  in twelve i terat ionsL the  " e x a c t "  
m i n i m u m  t ime z* can be found by the  following a lgor i thm t h a t  gene ra t e s  a 
feasible solut ion )~* co r respond ing  to z*, given a feasible flow )(o. 

EXACT MINIMAX ALGORITHM 

(0} Take  the  capac i ty  of each cri t ical  arc  to be an a rb i t ra r i ly  large in teger  
and  c o n s t r u c t  a FS f~o (we a s s u m e  such a FS exists). Note  t h a t  .~o could, if 
desired, be ob ta ined  f rom the  bisect ion search  procedure .  Le t  k ---- 0. 

(1) Given  a FS, .X~, c o m p u t e  z~ = f(X~), and  set  the  capac i ty  of each cri t ical  
arc  (i, j} to be c,j (zk), where  now 

- !  - I  

c,:i (zk) = t (z~)--I if t (zA--1 is a posi t ive  integer ,  
0' d 

- [  

c,, (z~) = [tj (z~)], o therwise .  
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(2) Check to see if a feasible flow exis ts  g iven the  new arc capaci t ies  j u s t  
set  in (1) and,  if so, let k = k + 1, and  r e t u r n  to (1) us ing  this  new F S X , .  Else  
go to (3). 

(3) The mos t  recen t ly  c o m p u t e d  FS  Xk is an o p t i m u m  F S  (OFS), so STOP.  
The following two proper t ies  j u s t i f y  the  exac t  a lgor i thm.  

Property  1. Let  )( ,  and  .~÷, be two success ive  FS 's  c o n s t r u c t e d  by  the exac t  
a lgor i thm,  with z, = f()(,) and  z,., =/~)f,÷~). We have  

(a) zk+, <z~ 
(b) c,i (z~.~) <_ c~, (z~) for (i, j) ~ A 
(c) c,,q (z,.,) ___ c,,  (z~)- I  < c,q (z,) for (p, q) ~ A sa t i s fy ing  z, = t,q (x~q), 

where  x~, is the flow in arc  (p, q) a t  i t e ra t ion  k. 

We conclude the  (integer) capaci t ies  ass igned  to the  cri t ical  arcs do not  
increase  f rom one i te ra t ion  to the next ,  and  some cri t ical  arc has  its capac i ty  
decreased  by at  least  one at  each i tera t ion.  Thus  f ini te t e rmina t ion  of the 
a lgor i thm is a s sured  since, by  hypothes i s ,  no FS exis ts  if eve ry  cri t ical  arc 
has a capac i ty  of zero. 
Property 2. Let  .~ be a FS wi th  z =/~)() .  X is an OFS if and only if there  ex- 
ists no FS when  the capac i ty  of each cri t ical  arc (4 j) is ci;(z). 

Due to P rope r ty  2, whenever .~k is no t  an OFS the  a lgo r i thm will con- 
s t ruc t  a new FS)fk+, for which f~)(k+,) < f~X,). W h e n e v e r . ~  is an OFS the  
a lgor i thm will d iscover  in s tep (2) t ha t  no new FS exists ,  and  hence conclude 
)( is an OFS and  stop. Var ious  ideas in the a lgo r i t hm appear  in References  7, 
8, 19, 33, and 23. 

W h e n  the bisect ion and  exac t  a lgor i thms  are  used in Phases  1 and  2 
respec t ive ly  of a compos i t e  a lgor i thm,  we can consider  Phase  2 as being 
pr imar i ly  an op t imal i ty  check, as a t  each i te ra t ion  it checks  the  neces sa ry  
and suff ic ient  condi t ion for op t ima l i ty  g iven  by  P r o p e r t y  2, and  then  makes  
i m p r o v e m e n t s  if necessary .  

A F O R T R A N  p r o g r a m  has been wr i t t en  for f inding OFSs  to the  in- 
t e rmed ia t e  model; it has  the  faci l i ty to de t e rmine  an initial FS for the  exac t  
a lgor i thm us ing  bisect ion search.  To i l lus t ra te  the use of the p rogram,  an in- 
t e rmed ia t e  model  of Bui ld ing 101 was c o n s t r u c t e d  by mod i fy ing  the  s ta t ic  
model  shown in F igure  1. Two arcs  were chosen  to be cri t ical  --  the  arc  be- 
tween SWA2 and SWAD,  and  the arc  be tween  SWB2 and SWBD.  The t ime 
funct ion  for each cri t ical  arc was ob ta ined  by dividing the arc flow by 7 peo- 
ple per  t ime period, and  add ing  an unused  t ime e s t i m a t e  of 12 periods {120 
seconds). Other  arc capaci t ies  were chosen large enough  so as not  to be bind- 
ing. Seven i te ra t ions  in the  bisect ion search  and one i t e ra t ion  in the  exac t  
a lgor i thm were necessa ry  to find z* -- 341.4 seconds,  s l ight ly  below the 
value found with the d y n a m i c  model.  In  compar i son  to the  d y n a m i c  model  
run, 161 people used S W A D  and 162 people SWBD,  a lmos t  an ident ical  
result ;  162 people exi ted  the bui ld ing via TRNC, and  the o ther  161 people 
used TRNF.  We can see f rom this example  tha t  an i n t e rmed ia t e  model  can 
be a useful  app rox ima t ion  to a more  complex  d y n a m i c  model.  
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The advantage  of the intermediate  mode] over the dynamic mode] is tha t  
it needs less data  and far less computer  time, compared to the time- 
dependent  model, and is easier to use and understand.  The dynamic mode) 
required an average of 30 seconds CPU time per run, while the intermediate  
model required only a few seconds CPU time. If, however, ITEs and RTEs 
cannot be easily obtained, or elevators are to be considered, or if specific in- 
formation is needed with regards to "bot t leneck"  arcs and the change over 
time of the s ta tus  of certain arcs, then the dynamic mode] should be used. 

Comparisons of graphical model and intermediate  mode] approaches tc 
the same problem may  well be of interest.  For the intermediate  model, the 
critical arcs would often represent  movement  through the exits of a 
building, so tha t  the total of the flows in the critical arcs would equal the 
total number  of people in the building: this equali ty is identical to the con- 
s t raint  of the graphical model. Hence in many  cases the graphical model 
may be viewed as a relaxation of the intermediate  model, when both models 
have the same objective function. Therefore, differences in optimal flows in 
critical arcs for the two models will be due to effects of the building as 
represented in the intermediate  model; it should be clear tha t  such dif- 
ferences are of interest.  Alternatively,  we can think of the graphical mode] 
as represent ing an "ideal building" in the sense tha t  such a building would 
have little or no effect on the optimal allocation of people to exits. 

Next, we consider some ref inements  of the bisection algorithm. If S -- 
{t,, (1) . . . . .  t~i (k}: {i,j) e A } ,  where k is the total number  of people in the 
building, then z* e S. Since ]S] _< k IA], a restriction of z to S in the bisection 
search algori thm will guarantee  the algori thm gives an {exact} opt imum 
feasible solution provided we choose e so tha t  e < 5, where 5 is the minimum 
of the positive differences of dist inct  elements of S. (In addition, once upper 
and lower bounds L and U respectively on z* are known, elements ti~(x~j) in S 
such tha t  t,j(x,:,) < L or t,~(x,) > U need not be considered as possible values 
of z*, leading to obvious computat ional  savings.} In particular, when the 
time functions have the form il lustrated in Figure 3, with the d,j and f,~ all 
being integers, it can be shown tha t  a lower bound on 5 is given by 5 = min 
{lJf, i (f,,~): (i,j), (p,q} e A ,  (i j )  ¢ (p,q)}, so tha t  any choice of e for which e < 5 
guarantees  the bisection search algori thm gives an exact opt imum feasible 
solution. 

Finally, we note that  the graphical model, for the case where all variables 
must  also be integers, is a special case of the intermediate  model. Thus the 
algori thms we have given for the intermediate  model will also give integer 
feasible solutions to the graphical model which are either c-optimal or (ex- 
actly} optimal. 

F U R T H E R  W O R K  

Recently Jarvis  and Ratcliff 2° have developed an algori thm suitable for 
use with the dynamic model tha t  maximizes/ I t )  for all t by solving a se- 
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quence of max-flow problems. Their algorithm may possibly be more effi- 
cient than GNET: computer implementation and testing seems in order. 
Hopefully their approach can be implemented so as to provide the useful 
bottleneck information so readily obtaiLable from GNET. Likewise of in- 
terest is the evaluation of White's algorithm, 39 which exploits the fact that 
the dynamic model structure is obtained by replicating the structure of the 
static model. 

A major asset of modern network codes, being able to solve very large 
problems, can simultaneously be a liability, in the sense that such codes can 
overwhelm the user with output. In order to make the dynamic model out- 
put generally usable by interested laymen, it will be essential to develop 
user-oriented, computer-independent software that will provide concise and 
insightful summaries {e.g., VTR animation of the dynamic model output). 

In a related vein, it is sometimes unclear how much detail is needed in 
constructing a network model of a building. Our experience to date in 
relating graphical and intermediate model results with dynamic model 
results suggests that it may be possible to make quite large aggregations, 
such as combining a number of adjacent building floors into one single 
"composite" floor, and still obtain much of the problem insight. In this 
regard, the network aggregation literature may well prove useful. 

Certain nonlinearities can occur in building evacuation problems; in ex- 
treme situations, at least, arc flow capacities and transit times are depen- 
dent upon the arc flows; for example, a crowded hall has a smaller flow rate 
and a longer transit time than an uncrowded hall. Some of these 
nonlinearities can presently be reflected in the graphical and intermediate 
models, but not yet in the dynamic model. We suspect that some of the traf- 
fic flow literature, such as the work by Merchant and Nemhauser 2~,26 may 
suggest ways of incorporating nonlinearities into the dynamic model. 

It  is clear that the models we have discussed are entirely deterministic. 
Queuing will occur in heavily "loaded" buildings, and, of the models 
discussed, only the dynamic model has the facility (via holdover arcs) to 
represent queuing {see, e.g., Figure 2), and then only in a rudimentary deter- 
ministic sense. We suspect, however, that the dynamic model, because of its 
"global" scope, should be adequate to at least point out major queuing 
problems, which might then be isolated and analyzed in more detail using 
queuing models. 

Subsequent to the modeling of Building 101, students at the University 
of Florida successfully modeled several dormitories and a general purpose 
classroom building of an unconventional and unsymmetric design. An unex- 
pected benefit of this modeling effort has been the clearly indicated need to 
develop standardized symbols for static model nodes to represent sources of 
people, landings, halls, stairwells, escalators, elevators, and exits. Ex- 
perience with our standardized symbology {illustrated in Figure 1) suggests 
that a relatively small collection of node symbols will suffice for both static 
and intermediate models and, more importantly, will constitute a "catalog" 
of static model components helpful in indicating how static models should 
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Figure 3. Example time function. 
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be cons t ruc ted .  For example,  in Figure  1, the  model ing  of the  landing  area 
near Stairwell  A on the  fifth and n in th  floors would be improved  by in- 
c luding a landing  node be tween the hall and  stairwell nodes,  and  allowing an 
arc to bypass  the  landing  node in connec t ing  a hall and  an elevator  node. In 
the  model  as i l lus t ra ted  in Figure  1 there  is no way to tell whe the r  flows in 
holdover  arcs for nodes SWA9 and SWA5 are due to wai t ing  in the stairwell 
after descending  from the floor above, or due to wai t ing near the  stairwell 
ent rance  on the way to the  elevator. Similar  ambigui t ies  occur in the model- 
ing of the  first  floor of Bui lding 101. To some ex ten t  such ambigui t ies  may  
be avoided by the  cons i s ten t  use of landing  nodes, toge ther  wi th  an early 
considerat ion,  in cons t ruc t ing  a s ta t ic  model,  of how the  choice of nodes will 
affect the  collection of holdover  arc data.  

There exists  considerable in te res t" ' °  in predict ing,  via models,  the  way 
tha t  smoke  and/or  fire will spread in a bui lding over t ime. We ant ic ipa te  
tha t  eventual ly  it  will be possible to use  the  resul ts  of such predic t ive  
models  to obta in  crude measures  of arc costs  for the  t ime dependen t  model. 
I t  will then  be possible to model  m i n i m u m  t ime bui lding evacuat ion  in 
response to smoke  and/or  fire in a more  direct  way than  is current ly  the 
case. 

We poin t  out  tha t  model ing  efforts to date  have deal t  wi th  reasonably  
convent ional  bui ldings  which typical ly have well defined passageways  for 
the m o v e m e n t  of people. I t  seems of in te res t  to consider  less convent ional  
s t ructures ,  such as col iseums and auditoria,  which allow people more  
f reedom in the  choice of their  exit  routes.  Likewise, while we have presen ted  
our work in the  con tex t  of bui lding evacuation,  we believe our work may  be 
useful  in s t udy ing  the  emergency  evacua t ion  of ships, and (underground) 
mines  (each of which can be t h o u g h t  of as upside  down buildings), as well as 
the  civil defense evacuat ion  of cities or other  well-defined geographic  
regions th rea tened  by man-made  or na tura l  disasters.  
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