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ABSTRACT 

A computer simulat ion model was const ruc t ed t o  help determine the 
worth of  a h igh alt itude infrared sys t em f o r  supp lement ary f ores t  f ire 
detect ion over a large area of  nor thwes tern Onta rio . The mode l  mad e  use of 
a scheme f o r  f o recast ing detect ion d emand that pred ic ted , on an hourly bas i s , 
the expected number of  f ires burning in 2 5-mile square cells within the 
s tudy area . A dynamic programming algor ithm was devised that determined 
the pat ro l  route to be taken in order to maximize the expected number o f  
detected f ires , given a l imited a ircra f t  range , the cloud s ituat ion , and the 
f o recas t of  detect ion demand . 

Trials of  the mode l ,  us ing ac tual 1970 f ire and weather data , 
ind icated tha t an inf rared detect ion system has a useful role to  p lay in 
conj unc t ion with the s tudy area's exist ing a irborne v isua l and pub lic 
detect ion sys t ems especia l ly when pa trols are carr ied out only when the 
detect ion demand is h igh . It  is doubtful if this area could economically 
support its  own inf rared system,  however , such a system in use across Ontario 
would probably have h igh payof f s .  

RESUME 

L'auteur cons trui s i t  un modele de s imula t ion , au moyen d'un 
ord inateur , pour pouvo ir determiner la valeur d'une methode de detect ion 
des incend ies de foret util isant l'infrarouge a haute a l t i tude au-des sus 
d'une vas te region du nord-ouest de l'Ontario . Dans ce mod ele , il  emp loya it 
une methode de prevo ir la demande de d etect ion qui evaluai t  d'heure en 
heure le nombre d'incend ies brulant dans des secteurs carres de 25 milles de 
cote.  I I  mit  au  point un algor ithme d e  programmat ion dynamique qui  determi
na it le t race des patrou illes a suivre a f in de minimiser le nombre prevu 
d'incend ies t rouves , tenant compte du rayon d'act ion limite des avions , de 
la presence de nuages , et de la previs ion de la demande de d et e c t ion.  

L'essai du mod ele , u t i li sant les  s t a t i s t i ques de 1970 sur les  
incend ies et la  meteoro logie , ind ique que Ie sys t eme de det ect ion a l'inf ra
rouge j oue un role u t i le en conj onct ion avec Ie sys teme class ique de detect ion 
aer ienne et par le pub l ic , surtout lorsque les patrouilles sont f a ites 
seu lement lorsque la demande de detect ion e s t  elevee . S i  on doute qu'un 
tel sys teme s o i t  economique pour s eulement la region etud iee , il pourra it 
cependant l'et re f o rt ement pour ut ilisat ion au beso in n'importe ou dans 
l'Ontario . 
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A FOREST FIRE DETECTION DEMAND MODEL - FOR 

SCHEDULING AND ROUTING OF AIRBORNE DETECTION PATROLS 

INTRODUCTION 

A research p roj e c t  ent it led "The role o f  an a irbo rne inf ra red 
forest f ire detect ion sys tem in ea stern Canada" wa s begun in 1971 by the 
Fore s t  Fire Research Ins t itut e .  Th is s tudy wa s des igned t o  answer the 
ques t ion : is it economica lly f eas ible t o  supplement the exist ing a irborne 
v isua l and pub lic detect ion sys t ems of northwe s t ern Ontario with a h igh
alt itude a i rbo rne inf rared ( IR) f orest f ire d et ect ion sys tem s imilar t o  
tha t developed b y  the U . S .  Fore s t  Serv ice (Hirsch , 197 1 ) ?  The f irst pha se 
of this study cons isted of the development of a re la t ively uns oph ist icated 
s imu la t ion model des igned to  s tudy the f ea s ib ility of such a sys tem.  A 
progres s  report describes the detect ion system,  the mod e l  and the data 

collected f o r  i t , and the resu lts obtained f rom i t s  usel 

In summa ry ,  th is mode l  used actua l  f ire and weather data f rom a 
60 , 000 s quare mile area of  northwe s tern Ontario obta ined f rom the 1963 
through to  1970 f ire seasons . The study a rea wa s d iv ided into s ix 10,00 0  
square mile sectors and it was as sumed that one of  these s ix sectors would 
be pat ro l led each night (Fig.  1 ) . No dayt ime pa t ro ls or cross- sector 
patrols were a llowed . A dynamic programming a lgo rithm was used t o  s ele c t  
the sequence of  sectors f or pat rols that resulted i n  t h e  b e s t  use of  the 
system.  Here it was a s sumed that f ire numbers and locat ions could be 
forecast accurately .  F ire s were detec table by a s imu lat ed inf rared pat rol 
only if the ir ignit ion t ime s occurred bef ore the a irc raf t 's arriva l and the 
f ires had not been prev ious ly detected by the exi s t ing a irborne v isual or 
pub l ic sys tems . The criterion used to  eva luate e f fect ivene s s  wa s the 
expected number o f  f ire s f irst  d is covered by the s imu lated inf rared patrols . 

The maj or conc lus ions f ro m  runs made with this model  were : 

(a ) the p roposed sys t em would probably detect  a t  lea s t  a qua rter of the 
f ires s ooner than the exi s t ing system,  

( b )  c loud cover amount s  would not s ignif icantly hamper the operat ion of  
such a sys tem,  and 

( c )  no subs tant ia l inc rease or reduct ion in t o t a l  cost-pIus- los s would 
result  if such a sys tem was operated . 

1 Kourtz, P.H. , 1972. The Role of a High Altitude Airborne Infrared Forest 

Fire Detection System in Eastern Canada - Progress Report. Forest 

Fire Research Institute, Canadian Forestry Service, Dept. of the 
Environment, Internal Report FF-16. 
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Figure 1. Study area description. 
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(a)  the a s sump t ion that the sector loca t ion conta in ing the largest  number 
of f ire s could be f o recast with rea sonab le accura cy , and 

(b ) the s evere res t r i c t ions p laced on the manne r of ope ra t ion of the IR 
sys tem.  

A se cond mod e l ,  des igned t o  ove rcome these  d if f icu lt ies , wa s 
developed and run . Th is repo r t  describes this second mode l ' s f orm , i t s  
required data , and the resu lts  obta ined f rom i t s  use .  

The goa l o f  the model was to  eva lua t e  the usefulnes s  of  a supp le
mentary inf rared sys tem in te rms of the add it iona l number of f orest f ires 
detec ted be f o re they became crit ica l ly la rge . A brie f  summary of  s t eps of 
the mod e l  f o l low : 

(a)  f rom pa s t  wea ther and f i re data , deve lop a s cheme f o r  f o recas t ing the 
expected number of  undetected f ires burn ing in each cell  of the study 
area grid on an hourly bas is;  

(b)  deve lop ru les f or schedul ing and rout ing inf ra red pat ro ls based on the 
resu lts  of (a) and the actual wea ther of  1 9 7 0  in the s tudy area; 

( c )  calculate for a s cheduled patrol  the expected number of  f ires detected 
by the v i sual and inf rared sy stems : a lso , the expected number that 
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would become c r it ical bef ore detect ion u s ing actua l  1970  f ire occu r
rence data and the take-off  t ime and pa t r o l  route e stabl i shed by (b);  

(d ) f rom knowledge of  the respect ive e f f ic ienc ies of  v isual and inf ra red 
detect ion , work out a way of e s t ima t ing the p robability of each system 
detec t ing the f ires f o reca s t  by (a ) each hour and adj ust  these detec
t ion d emand s accord ingly; 

(e)  vary the schedu l ing rule so as to change the total  numbe r and t imes of  
inf ra red pa trols conduc t ed during the f ire season and obse rve the 
results  in terms of result ing numbers of  c r it ical f ire s .  

FRAMEWORK OF THE MODEL 

Obj ect ive 

The que s t ion that this mod e l  is designed to help answer is : what 
are the bene f it s  that might result f rom conduc t ing a vary ing number of  
supplementary h igh alt itude inf rared detect ion pa t ro ls in northwes tern 
Ontario? The current vers ion o f  the mode l  is d e s i gned t o  be used f or a s  
many s ea s ons as des ired . Howeve r ,  to  d emons t rate i t s  u s e  and prov ide an 
ea rly ind icat ion of  the wor th of  such a sys t em only the f ire and weather 
data for the 1970 f ire s eason were used . The expected number of  f irst 
detect ions by the IR system and the expec t ed number o f  re sult ing f ires that 
burned int o  a per iod characterized by d ry f ine fuels and h igh winds are the 
two criteria used to a s s i s t  in determining the worth of  the system. 

Model Form 

Th is is a s imu lat ion model that has the usual two parts; that is , 
it has a des ign and an env ironment port ion . The env ironment port ion deals 
with a l l  the ne ces sary factors that occur in na ture , out s ide of  man ' s  
control , and that s ignif icant ly inf luence the perf ormance and eva lua t ion 
of the d e te c t ion sys t em be ing model led . Here , the env ironment port ion 
cons is t s  of a s t ream of  " intere s t ing" , chrono log ica l ly-ordered events  such 
as the occurrence of  thunderstorms and the igni t ion of  f ires . Th i s  model , 
unl ike other prev ious mode ls , uses an actua l  h i s t o ry ra ther than a Mont e  
Carlo " gene ra ted" event s t ream . The lat ter was abandoned p r ima r i ly because 
of  the d if f iculty in obta ining cond it iona l probability d is t r ibut ions that 
ac curately ref le c t  the interdependencies of  the na tural event s .  

The des ign port ion of the model cons isted of  a variable opera t ing 
ru le f o r  determin ing how and when IR pa t ro l s  were to be carr ied out and 
the mechanism to evaluat e  the e f f e c t ivene s s  of such a rule . 

IR a s  a Supp lementary Sys t em 

It  i s  l ikely tha t  the IR sys t em would supplement ra ther than re
p lace the exist ing v isua l sy s t em .  The mode l  cons iders t h i s  by us ing the 
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actua l  d e t ect ion t ime o f  each f ire accord ing to  the h i s t o r ical record s .  
F ires no longer a re cons idered "ava ilable" t o  the IR sys t em a f t e r  the a i r
borne v isual d e t ect ion sys t em o r  the public detects  them o r  the f ires burn 
int o  a per iod of dangerous fuel and wind cond i t ions chara c t e r iz ed by an 
Ini t ia l  Spread Index of e igh t o r  greater  (Anon . ,  1 9 7 0 ) . All ava i lable f ires 
are assumed t o  cont inue burning th rough ra iny periods as they d id accord ing 
t o  historical re cord s . 

The Detect ion Demand Concept 

A h igh a l t i tude detect ion sys tem is capable of  pat ro l l ing, at mos t , 
one s ixth of  the study a rea during a s ingle patro l .  Bes t  use o f  l imited 
pat ro l  t ime is made when the a ircra f t  is routed over areas where the large s t  
number of  f ires should be detected . Howeve r ,  the actua l numbe r of  f ires 
in any locale i s  unknown and can only be f orecas t .  

The current vers ion of  the mode l  d iv ides the s tudy area int o  9 6  
cells , each 25  miles square , and a t t emp t s  t o  f orecast a "detect ion d emand " 
f o r  each . Th is f o recast is made each hour of  the 6 0-day f ire season and 
cons i s t s  of an e s t ima t e  of the expec t ed numbe r of f ires burning undetect ed 
in each ce l l .  The f orecast ing s cheme takes int o account the two causes of  
forest f ires -- l ightning and man , and the two s ources of detect ion -- the 
inf rared detect ion sys tem and the sys t em that ope ra ted in the s t udy area 
in the pas t ,  namely the combined public and o rganized a irborne v isua l 
sys tem. Hist orical records were re l ied upon t o  p rovide hourly e s t imates 
of  the inc rement and dec rement to each cel l ' s  expected number of  f ires .  
Append ix 2 pres ents the d e t a i ls o f  the demand f o reca s t  s cheme . 

Where to Fly 

A pat ro l  rout ing a lgo r ithm was d ev ised that mad e  use of  the f o re
cas t  detect ion demand and e s t imated hourly c loud cover amount s  over each 
cel l .  Th is algor ithm at t empt ed t o  route the a ircraf t t o  the sequence of 
cells such that the total  expected number of detect ions wa s maximized . 
Each pa trol route cons isted of  a sequent ia l serie s  of  move s  f rom one mid
cell po int to an adj acent mid- cell p o int (Fig.  1, Append ix 3 ) . A l imit 
on the number of  such moves was set  that represented an a ircraf t fuel or 
t ime cons t ra int . Also , each pa t ro l  was f orced to  re turn t o  i t s  home base 
on the la s t  move . Details  of  the algor ithm are pre sented in Append ix 3 .  

When t o  Fly 

The f requency of  pa t ro l s  and the t imes of  each pat ro l  shou ld be 
determined by the total patrol budge t and the expe cted rewa rd s  of  patrol
ling a t  a spe c if ic t ime . 

The pat ro l  rout ing algo r ithm , in add i t ion t o  the " be s t "  rout e , 
produced the result ing expected numbe r o f  f ire detect ions f or the given 
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detect ion demand and c loud s itua t ion . The mode l  recogn iz ed f our potent ia l  
take-off  t imes each day -- one during day l ight and the rema in ing during 
the nigh t  (0100 , 0500 , 1400 , and 2000 hours ) . If  the expected numbe r of  
detect ions f o r  a pot ent ial pa trol  ca rried out  a t  one o f  the se take-off  
t imes resulted in a va lue exceed ing a preset threshold va lue , a s imu la t ed 
pa t ro l  was ac tua lly ca rried out . Otherwise , the s imu lat ed pat ro l  was 
de layed a t  lea s t  unt i l  the next potent ia l take-of f  t ime .  

Ea ch d if f erent thresho ld va lue re sulted in a d if f e rent number of  
patrols carr ied out  during the season . High thresho ld va lues resulted 
in f ew patrols but these pa t rols were carr ied out only when the f oreca s t  
demand s cheme pred icted severe f ire s ituat ions . 

Cr iteria Ca lculat ion 

The d emand f o reca s t  procedure , rout ing a lgorithm ,  and threshold 
concept were used t o  determine when and where each s imu la t ed pa t ro l  was 
carried out . Pas t  f ire and c loud cover s ta t is t ic s  provided the locat ion 
of each ava i lable f ire and i t s  cloud cover at the t ime when th e a irc raf t 
was on a s imulated pat ro l .  I f  the pa t ro l  pas sed with in the vicin ity of  
a f ire the p robab i l ity o f  f irst  dete c t ing it wa s calcu lated u s ing prev i
ous ly derived detect ion probab il i ty funct ions1 . The probab il ity o f  a f ire 
be ing "ava i lab le" f o r  future IR pa t ro ls was set to zero when e ithe r  it wa s 
dete cted by the pub l ic o r  o rganized sys tem (ba sed on h i s t o rical record s )  
o r  i t  burned int o a per iod hav ing a n  Init ia l  Spread Index of  e igh t o r  
great e r .  At the end of  each s imu lat ion run with a preset thresho ld va lue 
the number of pa t ro l s  carr ied out and the expected number o f  IR f irst  
detect ions , c r it i ca l  f ires , and publ ic and o rganized detect ions were p r int ed . 
De tails of the event p roce s s ing s equence with in the model  are presented in 
Append ix 4 .  Model  res t r ic t ions d ictated by computer l imitat ions are d i s
cus sed in App end ix 5 .  

DATA ORGANIZATION 

An a t t emp t was made t o  imp rove the qua lity of  the data used in 
this mod e l  as compa red t o  that used in the init ia l  model . Data were taken 
f rom actual f ire report  f o rms rather than magnet ic tape . Ignit ion t imes 
and dates of  l ightning-caused f ires were carefu l ly checked t o  ensu re that 
they ma t ched with thunderstorm oc currence t ime s and dates . Specif ic va lues 
f o r  a reas burned and c o s t s  were used ra ther than broad classes . Where 
poss ible , the comment s  accompany ing these data were ut il ized in an a t t empt 
to improve qua l i ty . 

Wea the r Data 

Da i ly 1 9 7 0  wea ther data were co llec t ed f rom 23  s ta t ions located 
with in the s tudy area (Table 1 and Fig . 1 ,  Append ix 1 ) . Based on these 
reports  the f o llowing were coded for each weather s t a t ion : 
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(a )  thunderst orm occurrence dates and t ime s , 

(b )  ra infall  amount , 

( c )  t emperature , 

(d )  re lat ive humid ity , 

(e )  wind speed . 

With thes e  data , the Canad ian Fore s t  Fire Weather Index (Anon . , 19 7 0 )  and a 
computer program by S ima rd2 , the Fine Fue l Mo isture Code and Init ial S p read 
Index f o r  ea ch day and stat ion were ca lculated . Es t imates  of the hourly 
In i t ial Sp read Ind ex were made based on a func t ion deve loped by A . J .  S imard 
(Table 2 ,  Append ix 1 ) . 

Thunders t o rm occurrence t ime data f o r  each day and s t a t ion a re 
pre sent ed in Table 3 ,  and summar ies o f  the se data are presented in Tables 
4 and 5 of  Append ix 1 .  

I t  i s  inte re s t ing t o  note that accord ing t o  the origina l f ire and 
wea the r record s  there were 3 0  weather s ta t ion days report ing one l ightning 
f ire , one repo r t ing two f ires and two report ing th ree f ire s in the ir area s 
when no s to rms were recorded . A s ignif icant number of  these wea ther 
stat ions were not manned dur ing per iods o f  wet wea ther . Als o , it was c lear 
f rom the origina l f ire reports  that some ignit ion t ime s and dates were 
only est ima ted and the exact ignit ion t imes we re unknown . Cons ide rable 
e f f ort was made to mat ch the f ire ignit ion and s t o rm t imes ba sed on a l l  the 
ava i lable evidence . Thundersto rm days were added when surround ing weather 
stat ions reported s t o rms o r  when i t  was obvious that the study a rea was 
experienc ing a genera l s t o rm day . The rema inder of the d iscrepancies were 
corrected by shif t ing the ignit ion t imes and dates of  the l ightning f ires 
t o  ma t ch with the mos t  rea sonable thunders t orm occur rence t ime .  

Table 6 (Append ix 1 )  presents f o r  each detect ion demand f orecast 
cell the code number of  the nearest stat ion that collected thunderst o rm and 
wea ther data . 

Data relat ing t o  the occurrence of  man-caus ed f ires in the study 
area were ava ilable f r om A . J .  S imard . With these data it wa s p o s s ible t o  
e s t imate the expected number of  man-caused f ires p e r  uni t  area i n  the 
vicinity of  a g iven weather s ta t ion , Table 7 (Append ix 1 ) . Table 8 
(Append ix 1 )  g ives the man- caus ed f ire occurrence wea ther stat ion code 
number nearest the detect ion demand f oreca s t  cells in the study area . 

Hour ly cloud cover data f o r  July and Augus t 1 9 7 0 , we re obta ined f rom 
f ive Me teorologica l Serv ice wea ther stat ions . Table 9 (Append ix 1 )  g ive s , 
f or each detect ion demand f o recast ce ll , the code numbe r of  the closest 
c loud data s ta t ion . 

2Simard, A.J., 1970. Computer Program to Calculate the Canadian Forest 

Fire Weather Index. Forest Fire Research Institute, Canadian 
Forestry Service, Dept. of the Environment, Internal Report FF-12. 
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Det e c t ion Dat a  

Each f ire i n  t h e  study area was a ssumed t o  have f ive square f e e t  
of  burning ma t e r ia l  and t o  be burning unde r  a dense mixedwood f orest canopy 
on f la t  terra in .  The detect ion p robabi l i ty funct ion f o r  the inf rared sy stem 
under the s e  cond it ions is p resented in Table 10 (Append ix 1 ) . 

It was a s sumed that each pat rol was carr ied out a t  an alt itude of 
25 , 000  f ee t  (MSL)  and that the average he ight o f  terrain wa s 1 , 500 feet 
(MSL ) . Under these a s sump t ions the width of  s t r ip c overed wa s 15 . 4  miles 
o r  62 percent of the area with in a demand f ore ca s t  ce l l .  Table 11 
(Append ix 1)  presents the number o f  square miles covered per cell  for 

va rious s can angle sectors . 

The probabil ity of  " s ee ing" through c loud cover of  va ry ing amounts 
a t  d if f erent s can angles is g iven by McCabe (1965 ) . F igure 2 p resent s this 
re lat ionsh ip and Table 1 2  present s the j oint probabil ity o f  see ing th rough 
c loud and detect ing a S-s quare- f o o t  f ire (Append ix 1 ) . 

Table 13 g ives the average detect ion p robabi l ity f o r  a rand omly 
located S-s quare-foot  f ire located with in a demand f o recast cell  as a 
funct ion o f  c loud cover and a s suming that the a ircraf t i s  a t  an a lt itude 
of  2 3 , 500 feet  above t erra in . The se va lues were calcula t ed us ing the a rea 
covered - s can angle c la s s  rela t ionship descr ibed in Tab le 11 and the 
f unct ion used f o r  Table 1 2 .  

F ire Da ta 

For each of  the 158  f ires with in the s tudy area that occurred 
dur ing July and Augus t ,  1970 , the f o l lowing data were recorded : 

(a ) code numbe r ( 1  t o  158) , 

( b )  igni t ion t ime and dat e ,  

( c )  detect ion t ime and dat e ,  

(d ) caus e , 

(e ) loca t ion ( la t itude and long i tude and X-Y coord inat es ) , 

( f )  cos t . 

Wea ther reco rd s  were used to  determine the t ime and date when each f ire 
f irst burned into a period character ized by an Ini t ia l  Spread Index of  8 
o r  greater . 

SIMULATION RESULTS 

Table 1 p resents the results o f  s ix runs of  the model : there are 
large payof f s  in t erms of  numbers of  expect ed f ir s t  detect ions and reduct ions 
in c r it ical f ires associa t ed with a sma l l  number of d e tect ion patrols . 
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TABLE 1. RESULTS OF SIMULATION RUNS WITH THE MODEL 

Remaining 
Detection Expected Expected Expected Undetected Computer 

Run System in Threshold Number of First Critical Visual Fires IR Patrol Execution 
No. Operation Value IR Patrols Detections Fires Detection* (Aug. 31) Cost ($) ** Time (Sec) 

1 Infrared 
Only 0.4 57 57.1 97.8 0 2.21 57,855 155 

2 Visual* 
Only 00 0 0 44 114 0 0 42 

3 Combined 
(Xl Visual -

Infrared 0.4 57 28.9 34.6 94.1 0 57, 855 149 

4 Combined 0.5 38 23.8 36.8 97.1 0 38,570 113 

5 Combined 0.65 20 14.7 39.3 103.9 0 20,300 80 

6 Combined 1.0 4 7.0 41. 3 109.6 0 4,060 52 

*Includes public and organized detections. 

**Based on 725 mile patrol routes at 250 mph and an aircraft and equipment cost of $350 per hour. 



These large payof f s  occur ch ief ly becaus e the s chedu l ing rule wa i t s  f or 
the mos t  severe f ire s ituat ions bef ore send ing out pat ro l s . The rat e  o f  
increase o f  t o t a l  benef i t s  a s s o c iated with I R  pa t ro l s  drops sharp ly a s  the 
numbe r of  pat ro ls is increased . 

D�CUSS�N 

An examinat ion of the 1970 d ire ct cost data f o r  the 158 f ires 
revea led tha t , cost-wise ,  1970 was not a spectacular year . The mos t  
expens ive f ire cost  $7 , 73 6  and the average c o s t  was $ 6 2 9 . Th irty percent 
of  the f ires cos t $100 or les s ,  and 81 percent cost  le s s  than $ 1 , 000 . 
These low c o s t s  we re incurred in spite of  the fact  that 6 8  percent o f  
the se 1970 f ire s were detected and reported by the public . 

The d e c is ion a s  t o  whe ther or not t o  imp lement an inf rared detec
t ion syst em involves the que s t ion : what is i t  wo rth t o  the f ire control 
a gency to  detect a certain proport ion of  the f ires sooner than the exist ing 
detect ion sy stem? Clearly , f o r  the 1970 seas on , it would not have been 
worth the cost of 57 IR patrols . However ,  it may have been worth the cost 
of 2 0  pa t r o l s . Certa inly no subs tan t ia l  increase in t o t a l  cos t-p lus- lo s s  
would have resulted f rom 2 0  patro ls i n  t h e  study area i n  1970 . 

I t  appears that the study a rea cannot support a f ul l- t ime IR 
detect ion system but that such a sys t em could be prof itably us ed on an 
intermi t t ent ba s is within the area . In the la s t  decade this area has 
experienced many f ires cost ing over $ 5 0 , 000 and severa l cost ing more than 
$ 100 , 000 each . A detect ion demand f oreca s t  s cheme such as the one out l ined 
in this model , combined with a limited number of IR patro l s , could result 
in ea r l ie r  detect ion and consequent ly inexpens ive suppre s s ion of  a s ignif i
cant number of the se f ire s .  The prov ince has two o ther a reas s imilar t o  
the s tudy area that could also  share the us e of  such a n  IR sys tem . The 
Sudbury a rea , with i t s  large number of f ires each season , migh t  make 
excellent us e of such a sha red sys tem . 

The s imulat ion model has c learly ind icated the maj o r  problem 
a s s o c iated with an a i rborne detect ion system ,  that is , the d i f f icult task 
of s chedul ing and rout ing pa t ro l s  so  that they pass over the detectable , 
yet non-critica l ,  f ire s .  Accura te detect ion demand f oreca s t s  become 
increa s ingly impo rtant espe c ia l ly as the dens ity of f ires decreases . (The 
study area averages about 100 f ires per 6 0 , 000  square miles and , in the 
a rea where the U . S .  Fore s t  Service is current ly operat ing the IR system, 
the approxima t e  average dens ity is 1 , 500 f ires per 6 0 , 000 s quare miles . )  

The demand f oreca s t  s cheme and patrol rout ing a lgor ithm used in 
this model could be appl ied to the s chedul ing and rout ing problem a s s o c iated 
with an a i rborne visua l sys tem. Als o , the mod e l  is s t ructured in a way 
that enables it t o  be used f o r  daily ,  computer a s s i st ed , detect ion p lanning 
as will be used in future f ire management cent ers . 
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Future work in detect ion mode lling will  be concerned with: 

(a ) Improv ing the procedure t o  f orecast detect ion demand inc lud ing 
the development of an inexpens ive syst em to ident ify the a reas 
hit by thunders t o rms . 

( b )  Development o f  a more e f f ic ient pat ro l  rout ing a lgor ithm. 

( c )  The deve lopment of a computer-a s s is t ed ,  da ily detect ion decis ion 
making sys t em a imed a t  i t s  eventual incorporat ion int o  a f ire 
management center . 
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Appendix 1 
TABLE 1. ENVIRONMENTAL PROTECTION BRANCH WEATHER STATION INFORMATION 

Station Code Area 
Location 

Name Number Covered 
Latitude Longitude 

(sq mi) (degrees) 
Altimeter 1 5975 50.72 92.52 
Sioux Lookout 2 2575 50.10 91.92 
Dryden 3 2175 49.79 92.85 
Manitou 4 1850 49.28 92.91 
Ignace 5 2950 49.41 91.67 
Six Mile 6 2625 50.34 90.79 
Medcalf 7 3750 50.94 90.69 
Pickle Lake 8 8550 51.46 90.18 
Jacobs 9 3875 50.25 89.89 
Hornick 10 4325 49.91 89.30 
Garden 11 1750 49.54 89.84 
Max 12 575 49.14 89.46 
Disraeli 13 1625 49.15 88.95 
Upsala 14 1125 49.05 90.47 
Dog River 15 575 49.17 89.91 
Kenora 16 1175 49.75 94.49 
Minaki 17 775 50.00 94.66 
Werner Lake 18 1275 50.45 94.85 
Ball Lake 19 2175 50.33 94.00 
Teggau Lake 20 1275 49.71 93.85 
Sioux Narrows 21 1450 49.35 94.03 
Nestor Falls 22 500 49.03 93.85 
Red Lake 23 7075 51.03 93.84 

TABLE 2. FUNCTION USED TO CALCULATE HOURLY INITIAL SPREAD INDEX (lSI) GIVEN THE 
CORRESPONDING DAILY MAXIMUM VALUE* 

Hour Diurnal Variation Hour Diurnal Variation 
of in lSI as % of of in lSI as % of 

Day 1600 Reading Day 1600 Reading 

1 22 13 64 
2 18 14 85 
3 16 15 100 
4 14 16 100 
5 14 17 85 
6 14 18 67 
7 16 19 54 
8 19 20 45 
9 23 21 39 

10 31 22 35 
11 40 23 30 
12 57 24 25 

*From A.J. Simard, Forest Fire Research Institute, based on average hourly fine 
fuel moisture code (Table 14) and average wind speed (personal communication). 
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TABLE 3 .  THUNDERSTORM AND LIGHTNING FIRE OCCURRENCE DATA ( 1 9 7 0 )  

Thunderstorm Days in Study Area Weather 
Station 
Number ,!'!(l I'\-* 1 3.E 1 6.E 1 7.E 1 8I'. 110 I'. III I'. 112.E 113.E 114.E 115.E 116.E 117.E 124 I 125.E 126.E 127.E 129 .E 13o.E 131.E 132 I 

1 
2 
3 4 
5 

12 0 8 0 13 0 17 0 20 20 
20 0 19 o 24 17 

o 16 0 4 o 17 
o 

o 16 0 

6 
7 
8 9 

10 
11 
12 
13 14 
15 
16 
17 18 
19 20 
21 22 
23 

1 2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 17 
18 
19 
20 
21 22 
23 

17 0 
16 0 19 
8 0 o 

8 1 
8 0 

16 0 8 0 
13 0 

5 0 
18 0 

16 0 
2 0 21 

14 0 10 1 15 0 17 o 14 0 17 o 21 o 20 
17 0 

5 0 
12 0 21 0 
3 0 

14 0 
18 0 
20 0 

18 o 16 
21 o 19 

8 0 
0 8 0 
0 8 0 8 0 

8 0 

o 
o 

23 0 

15 0 
3 0 

20 0 

17 o 21 21 21 
21 

21 
21 

20 
o 20 o 20 o 
o 

17 0 

8 0 
8 0 
8 0 
8 0 4 0 17 

17 
o 11 o 21 

o 
o 
o 

17 0 21 o 8 0 18 0 o 21 o 21 o 20 
24 0 
11 0 17 0 
18 0 17 0 
22 1 
19 0 17 0 
18 0 

o 
o 

137 I 138 I 139 I lOI 

17 0 17 0 1 0 18 0 18 0 20 0 18 0 13 0 18 0 

18 

5 1 
8 0 8 0 
8 0 
8 0 

14 0 12 0 
17 0 

16 0 

8 0 
8 0 

o 22 0 
8 0 o 13 0 17 0 

141 I 142 I 
8 0 

10 3 14 

17 
17 

8 2 

143 I 

14 0 23 
14 0 23 
14 0 
14 0 23 

144 I 

4 

17 0 

145 I 

21 0 
19 0 3 0 

o 21 0 

146 I 147 I 
9 0 

17 1 15 0 
10 1 
14 2 

2 2 
o 
o 19 0 o 16 0 

9 0 18 0 9 0 
9 0 18 
9 1 

19 1 9 0 19 0 
9 
1 

148 .E 

15 0 
19 
21 
17 
14 
19 17 

1 
16 

8 
16 22 17 

o 
o 
o o 
o 
o 
o 
o 
o 
1 

14 0 

o 

149 I 

5 17 

5 
5 9 0 

9 0 9 0 15 0 5 
14 

23 
17 11 

7 1 
2 

2 9 
1 9 

4 
o 
o 12 o 

5 
5 

*Time of thunderstorm. 
**Number of fires started by storm. 

150 I 
3 0 
3 0 
3 0 
6 
3 

o 
o 
o 

o 
1 

o 1 

18 

15 

o 16 0 16 

19 
o 18 

14 
16 

o 11 
o 1 

o 
18 

23 
17 
18 

o 15 
o 16 

15 0 
18 1 

o 

o 
o 
o 

17 

17 0 
17 0 
17 0 

16 0 

13 0 20 

4 
17 3 
17 

19 

o 
o 
o 
o 

20 
20 

o 20 

17 0 21 0 14 0 

o 

3 
12 
16 
17 
14 

o 18 
o 17 

17 0 o 16 0 17 0 17 0 

151 I 
23 0 

156 I 157 I 

16 0 

158 I 159 I 161 
F 

o 
o 
o 15 0 13 0 

o 

o 
o 
o 
2 
o 

o 
1 
1 
o 

17 0 

23 0 
4 0 

18 0 

4 12 o 
o 

o 
o 
o 
o 
o 
o 
o 
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Appendix 1 

TABLE 4. SUMMARY OF LIGHTNING FIRE AND THUNDERSTORM OCCURRENCE DATA 

Weather Storm Lightning Average Number of Lightning Fires 
Station Days Fires per Storm Day per 1000 sq mi 

1. Altimeter 17 1 .010 
2. Sioux Lookout 17 9 .206 
3. Dryden 9 2 .102 
4. Manitou 12 6 .270 
5. Ignace 13 7 .182 
6. Six Mile 11 0 .000 
7. Medcalf 23 1 .012 
8. Pickle Lake 10 2 .012 
9. Jacobs 13 1 .020 

10. Hornick 10 4 .092 
11. Garden 8 3 .214 
12. Max 11 6 .949 
13. Disraeli 13 4 .189 
14. Upsala 14 1 .063 
15. Dog River 19 3 .275 
16. Kenora 8 5 .532 
17. Minaki 9 0 .000 
18. Werner Lake 10 0 .000 
19. Ball Lake 9 2 .102 
20. Teggau Lake 10 3 .235 
21. Sioux Narrows 9 5 .383 
22. Nestor Falls 8 4 .889 
23. Red Lake 19 1 .007 

TOTALS 282 70 

ADDITIONAL DATA 

Number of days having at least one weather station reporting thunderstorms in July 
and August 1970 = 41 (percent storm days = 66) . 

Average number of storm days per weather station for July and August = 12.6. 

Minimum and maximum number of storm days per weather station = 8, 23. 

Percent lightning-caused fires (July and August, 1970) = 44. 

TABLE 5. DISTRIBUTION OF FIRES PER WEATHER STATION - STORM DAY 

Number of Lightning 
Fires Ignited 

o 
1 
2 
3 
4 

15 

Number of Weather 
Station - Storm Days 

240 
40 

7 
4 
1 



Appendix 1 

TABLE 6. WEATHER STATIONS WITH THUNDERSTORM DATA NEAREST 
TO DEMAND FORECAST CELLS IN STUDY AREA 

(Each cell represents a 25-mi1e square area superimposed on Fig. 1) 

23 23 23 23 1 8 8 8 8 8 8 8 
23 23 23 23 1 1 7 8 8 8 8 8 
23 23 23 1 1 1 7 7 7 8 8 9 
18 19 19 1 1 1 6 6 9 9 9 10 
18 19 19 3 2 2 6 6 9 9 10 10 
17 16 20 3 3 2 2 6 9 10 10 10 
16 21 20 3 3 5 5 14 11 11 10 13 
21 21 22 4 4 5 5 14 14 15 13 13 

TABLE 7. MAN-CAUSED FIRES AS A FUNCTION OF FINE FUEL 
MOISTURE CONTENT AND LOCATION* 

Expected Number of Fires 
per 1000 sq mi per day 

Location FFMC Class 
Weather Station Code 

Name No. Lat. Long. 0-50 51-75 76-84 85+ 

Landsdowne House 1 52.23 87.88 0 0 .001 .001 
Pickle Lake 2 51.45 90.20 0 .001 .003 .002 
Ear Falls 3 50.63 93.22 0 .001 .005 .017 
Sioux Lookout 4 50.12 91.90 0 0 .012 .021 
Kenora 5 49.80 94.37 .004 .009 .039 .103 
Dryden 6 49.82 92.85 .003 .012 .029 .080 
Ignace 7 49.42 91.67 0 .007 .008 .020 
Graham 8 49.27 90.58 .002 .005 .012 .021 
Mine Center 9 48.73 92.53 0 .009 .015 .026 
Atikokan 10 48.73 91.63 0 .006 .0lD .050 
Fort William 11 48.37 89.32 .002 .011 .037 .063 
Armstrong 12 50.28 88.90 .001 .001 .003 .003 
Cameron Falls 13 49.15 88.38 0 .006 .017 .018 

*From A.J. Simard, Forest Fire Research Institute (personal communications). 

TABLE 8. WEATHER STATION WITH MAN-CAUSED FIRE OCCURRENCE DATA 
NEAREST THE DETECTION DEMAND FORECAST CELL 

(Weather Station Code Numbers in Table 7) 

3 3 3 3 3 2 2 2 2 2 1 1 
3 3 3 3 3 2 2 2 2 2 2 1 
3 3 3 3 3 4 2 2 2 2 12 12 
5 3 3 3 3 4 4 2 2 12 12 12 
5 5 3 3 4 4 4 4 12 12 12 12 
5 5 6 6 6 4 4 8 8 11 11 12 
5 5 5 6 9 7 7 8 8 11 11 11 
5 5 9 9 9 10 10 8 8 8 11 13 
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TABLE 9. WEATHER STATION WITH CLOUD COVER DATA NEAREST 
TO THE DETECTION DEMAND FORECAST CELL 

2 2 3 5 5 5 5 5 5 5 5 5 
2 2 2 3 3 5 5 5 5 5 5 1 
2 2 2 3 3 3 5 5 5 5 1 1 
2 2 2 3 3 3 3 5 5 1 1 1 
2 2 2 3 3 3 3 3 1 1 1 1 
2 2 2 3 3 3 3 3 4 4 4 1 
2 2 2 2 3 3 3 3 4 4 4 4 
2 2 2 2 3 3 3 4 4 4 4 4 

(1 Armstrong, 2 Kenora, 3 = Sioux Lookout, 4 = Thunder Bay, 5 Pickle Lake) 
(see Fig. 1) . 

TABLE 10. DETECTION PROBABILITY -
SCAN ANGLE RELATION* 

Detection 
Scan Angle Probability 

5 .85 
15 .87 
25 .85 
35 .79 
45 .68 
55 .52 

*Assumed: 5 sq ft of burning 
material, dense mixedwood canopy, 
and flat terrain. 

TABLE 12. DETECTION PROBABILITY 
GIVEN CLOUD COVER AND 

TABLE 11. DEMAND FORECAST CELL 
COVERAGE BY SCAN 
ANGLE CLASSES 

Scan Angle Class Coverage 
(degrees) (sq mi) 

0-10 39.2 
11-20 41. 7 
21-30 47.5 
31-40 58.2 
41-50 78.4 
51-60 120.1 

FOR A 5-SQUARE-FOOT FIRE 
SCAN ANGLE* 

Cloud Scan Angle (degrees) 
Amount 

(%) 5 15 25 35 45 55 

0 .85 .87 .85 .79 .68 .52 
10 .83 .85 .82 .76 .65 .49 
20 .82 .83 .80 .73 .62 .47 
30 .81 .82 .78 .71 .59 .45 
40 .80 .80 .76 .68 .57 .42 
50 .77 .76 .72 .64 .52 .38 
60 .72 .70 .66 .58 .47 .34 
70 .64 .62 .57 .49 .39 .27 
80 .52 .50 .44 .37 .28 .18 
90 .36 .33 .28 .21 .14 .07 

100 .15 .11 .06 .01 0 0 

*C1oud amount is defined as the cloud-obscured percent of the whole sky (celestial 
dome) . 

17 



Appendix 1 

TABLE 13. CLOUD COVER - AVERAGE DETECTION PROBABILITY RELATION* 

Cloud Cover 
(%) 

o 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Average 
Detection Probability 

.44 

.42 

.40 

.39 

.38 

.35 

.32 

.27 

.20 

.12 
o 

*Assumed: a fire of 5 sq ft randomly located within the 25-mi1e 
square cell and a patrol altitude of 23,500 feet above 
terrain. 

TABLE 14. CALCULATION OF FUNCTION USED TO DETERMINE 
HOURLY EXPECTED NUMBERS OF MAN-CAUSED FIRES 

Hour of Average Difference Multiplication 
Day FFMC* From Minimum Factors** 

1 75 10 .03690 
2 73 8 .02952 
3 70 5 .01845 
4 68 3 .01107 
5 66 1 .00369 
6 65 0 .0 
7 66 1 .00369 
8 68 3 .01107 
9 70 5 .01845 

10 73 8 .02952 
11 76 11 .04059 
12 78 13 .04797 
13 81 16 .05904 
14 82 17 .06273 
15 84 19 .07011 
16 85 20 .07380 
17 85 20 .07380 
18 84 19 .07011 
19 83 18 .06642 
20 82 17 .06273 
21 81 16 .05904 
22 80 15 .05535 
23 79 14 .05166 
24 77 12 .04428 

Totals 271 .99999 

*Based on 1960 to 1966 data from A.J. Simard obtained using average hourly 
weather observations and Canadian Forest Fire Weather Index System (personal 
communications). 

**(Difference from minimum) f 271. 
18 



APPEND IX 2 

The Demand Foreca s t  S cheme 



App endix 2 

THE DEMAND FORECAST SCHEME 

The s tudy area was d iv ided int o  9 6 ,  25-mile s quare f ore ca st ce lls . 
A rev ised f orecast  of the expe cted numbe r of f ires present was made f or 
each cell f o r  each hour of the f ire sea son . Th is wa s accomp lished by 
add ing o r  subt ract ing t o  the prev ious hour ' s  f o recast va lue an amount equa l 
t o  the expe cted change in the numbe r of  f ire s p re sent in the cell . Add it ions 
were re la ted to the occurrence of thunderstorms ( ign it ion of lightning f ire s )  
and t o  the f ine fue l mo isture cont ent f o r  each hour ( ign it ion o f  man-caused 
f ire s ) . The magn itudes of these add it ions we re a funct ion of  the cell ' s  
locat ion and we re determined f rom h is t o rical re cord s . Subt ra ct ions we re 
associat ed with remova l of undet e cted f ires by the detect ion systems . The 
magn itudes of these reduct ions we re determined f rom h is t o rica l re cord s  f o r  
the public and organized detect ion sys t ems and ca lculated f o r  the inf ra red 
detect ion sys tem. 

Thunderst orm Inf luence 

Ea ch ce ll wa s re lated t o  a wea the r stat ion that had thunderst o rm 
re cord s  (Table 6 ,  Append ix 1) . Based on h is t o r ica l data the expe cted 
numbe r of l ightning f ires int r oduced by a s t orm int o  each ce l l  wa s ca lcu
la ted (0 . 6 25 X ave rage numbe r of l igh tning f ire s pe r s t o rm per 1 , 000 sq  mi 
a s  shown in Table 4, Append ix 1 ) . The se va lue s we re added to the prev ious 
hour's f orecast f o r  each hour that a st o rm occurred wit h in a ce l l .  He re 
it wa s a s sumed that a detect ion d ispa t cher wou ld know when and whe re each 
s t orm occurred in h is area . 

Man- Caused F ire Inf luence 

Cunn ingham and Ma rtel13 have shown that the F ine Fue l Mo isture Code 
of the Canad ian Forest F ire Weather Ind ex is a good ind ica t o r  of  the occur
rence of man-caused f ires in northwest ern Ont ario . Table 7 (Append ix 1 )  shows 
the expe cted number of f ire s per 1 , 000 square mile s per day by weathe r 
stat ion and f ine fue l mo isture code cla s s . Th is table wa s based on f ire and 
wea ther data taken between 1960 and 1966 in o r  nea r the s tudy a rea . Tab le 8 
(Append ix 1) g ives the weather stat ion with man-caused f ire occurrence -
f o recast  ce ll re la t ion . 

The expected numbe r of  man-caused f ires t o  be added t o  a cell  each 
hou r ,  g iven the 1600 F ine Fue l Mo isture Code (f rom h isto r ica l re cords of 
the neare s t  weathe r  stat ion) , was f ound by mu lt iply ing the appropr iate 
expe cted numbe r of man- caused f ires per cell  per day (Table 7) by a factor 

3Cunningham, A.A. and D.L. Martell, 1972. A Stochastic Model for the 

Occurrence of Man-Caused Forest Fires. Manuscript submitted for publica
tion in Can. Jour. of Forest Research. 

20 



Appendi x  2 
t aken f rom Table 14 (Append ix 1 ) . These f a c t o rs were ba sed on the average 
d iurna l f luctuat ion in F ine Fuel Mo isture Code and were def ined in a manner 
such that each was proport iona l t o  the correspond ing F ine Fuel Mo isture Code 
f o r  that hour . The sum o f  these factors  f o r  a 24-hour period wa s 1 . 0 .  

The procedure t o  ca lcu la te the man- caused increment in expected 
number of f ires bu rn ing in a s pec i f ic ce l l  g iven the hour and date wa s: 

(a ) F ind the man- caused wea ther stat ion a s s o c iated with the cel l  (Table 8 , 
Append ix 1) . 

(b)  Obt a in the 1600 hour F ine Fuel Mo isture Code for that day and cell 
(f rom h is t o rica l record s ) . 

( c )  Obt a in the expected number of  new man-caused f ires f o r  that ce ll g iven 
the F ine Fuel Mo ist ure Code class (Tab le 7 ,  Append ix 1 ) . 

(d ) Mult iply th is va lue t imes the adj us tment fact or of Table 14 (Append ix 1)  
t o  obt a in the expected inc rement f o r  that hou r .  

Note that f o r  th is s cheme t o  become opera t iona l ,  f oreca s t s  of  F ine Fuel 
Mo is ture Codes wou ld be requ ired . 

Organized and Pub l ic Detec t ions 

Ea ch hour at leas t  s ome p roport ion4 of  a f ire is added to the 
prev ious h ou r ' s f o recast  either by a thunders t o rm o r  by man o r  both . However ,  
du r ing the day l ight hours the v isua l detect ion system (organized and public)  
ha s the capability of  remov ing a certain proport ion of  each cell ' s f ires . 
A c rude est imate of the proport ion removed each hour wa s taken to  be the 
rat io of  the number of f ires detected by the organized and pub lic sys tems 
in a g iven hour to  the number of f ires that were actua l ly burn ing at that 
hour . Table 1 presents  these rat ios f o r  July and Augus t ,  1970 , in the 
study a rea . 

Each hour the f o reca s t  
proport ion taken f rom Table 1 .  
reduct ion in demand after sha rp 
or ext reme f ire weather . 

Inf rared Detect ion Inf luence 

demand va lues were reduced by the approp r iate 
These values caused a relat ively rap id 
demand inc reases such a s  after thundersto rms 

The l ikel ihood of an undetected f ire ex ist ing in a g iven cell is 
reduced af ter a detect ion pat ro l  over the cel l .  The amount of this  reduct ion 
is a funct ion of the detect ion system ' s capability to detect f ires . This 
concept was used to  reduce the demand f orecast a long s imu lated inf rared 
pat ro l  routes (supp l ied by the rout ing algorithm) . 

4The cell size was such that rarely would this expected increment approach 

a complete fire. 
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TABLE l .  CALCULAT ION OF THE HOURLY V I SUAL DETECT ION REDUCTI ONS 
IN FORECASTED DEMANDS (1 970 )  

Number o f  
"Undetected" F ires Ra t io 

Hou rs Burn ing Hours Detected [ (3 ) / ( 2 ) ] 

1 174 0 0 
2 185 0 0 
3 188 0 0 
4 191 0 0 
5 195 0 0 
6 196 1 . 005 
7 198 3 . 015 
8 199 9 . 045 
9 194 3 . 0 15 

10 198 7 . 035  
11 201 5 . 0 25 
12 2 17 5 . 023 
13 220 25 . 1 14 
14 210 24 . ll4 
15 197 22 . ll 2  
16 185 22 . 119 
17 181 11 . 06 1  
18 178 8 . 045 
19 174 7 . 040  
20 170 6 . 03 5  
21 167 0 0 
22 16 8 0 0 
23 170 0 0 
24 170 0 0 

Total 15 8 

Spec if ica l ly in the mode l ,  the demand f o reca s t  f o r  each cel l  a long 
a s imu la ted pat ro l  route wa s reduced by an amount equa l to t he average 
probab i l ity of the inf rared sys tem detect ing a f ire with in the cel l  g iven 
the c loud cover at the t ime it pas sed over the cel l .  These va lues are 
g iven in Table 13 o f  Append ix 1 .  

In summa ry ,  the demand f o reca s t  s cheme p roduced hou r ly f oreca s t s  
of the expected number of undetected f ires ava ilab le t o  a detect ion system .  
Four items went int o  t h is f orecast namely the inf luence of  thundersto rms on 
l ightning f ire occurrence , the relat ion of the F ine Fuel Mo isture Code t o  
the occu rrence o f  man-caused f ires , and the genera l inf luence of  the exist ing 
public and o rgan ized v isual detect ion systems and the spec if ic inf luence of 
IR pat ro ls in reduc ing detect ion demand . 
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PATROL ROUTING ALGORITHM 

A dynamic programming algorithm wa s deve loped t o  route each IR 
pa t rol th rough the demand f o recast mat r ix .  The cond it ions p laced on the 
rou t ing procedure were: 

(a ) The in it ia l reward f o r  "v i s it ing" a g iven cell was set equal to the 
cell ' s  detect ion demand f o recast mult ip l ied by the average detect ion 
probab i l ity adj us t ed f o r  cloud cove r (Tab le 13 , Append ix 1 ) . In 
add it ion, the average detect ion probab il ity va lue s of Table 13 we re 
reduced by 50 percent if the pat rol pas sed ove r the ce l l  during the 
day l igh t hours . 

(b)  Ea ch pat ro l  could "v i s it " ,  at mos t ,  a spe c if ied number of ce lls  (th is 
cond it ion amounted to a fue l o r  t ime const ra int imposed on t he 
a i rcra f t )  . 

(c)  The f l ight path mus t  p roceed f rom ce l l  cent er t o  adj acent ce l l  center . 

(d ) Turns we re pos s ib le only a t  cell cent ers . 

(e ) The pat ro l  mus t  re turn t o  the originat ing a irport (a cell  cente r  with in 
the demand mat r ix) . 

(f ) Rev is its  t o  cells we re a l lowed . However, f o r  each succes s ive rev i s it 
the reward in te rms of  the number of  expected detect ions decreased. 
Without this s cheme, each pa t ro l  route wou ld ret race it s original path 
back to the a irp ort . 

Under the above cond i t ions, the a lgor ithm a t t emp ted t o  select the route that 
maximized the sum of  the adj usted demand f oreca s t  va lues ( rewa rd s )  of cells 
v is ited a long the route . Th is sum and the correspond ing pat ro l  route were 
made ava i lable to the model  by the algorithm . 

The dynamic p rogramming a lgor ithm t ook the f o l lowing f orm: 

(a ) The s tage wa s the number of cell  centers v is ited s ince leav ing the 
a irp ort cell center . 

(b)  The state wa s the current cell center locat ion of  the a ircraf t . 

Arriva l in a part icular stage and state could only be made f rom one of  the 
f our surround ing cell centers . Therefore, there were, a t  most,  f our states 
in the prev ious stage to  cons ider for the a r r iva l a t  a spe c if ic stage and 
state . 

The reward f o r  a spe c i f ic s tage and state was determined only a f t e r  
a count of t h e  number of  repe t it ions of the s t a t e  is made a long the " op t imal" 
route to that s tate . If  the state had not been prev iou s ly v is ited, the 
demand f o re cast  va lue, adj u s t ed f or cloud cove r a t  t ake-off  t ime and ave rage 
detect ion probab il ity (Table 13 , App end ix 1 )  was a s s igned a s  the rewa rd . 
For this mode l, second v is its  were ass igned a reward of  z e ro and more than 
two v is it s  we re ass igned heavy pena lt ies (- . 005 expected detect ions a s  a 
nega t ive reward ) .  
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It can be ea s ily shown that th is f o rmulat ion does not gua rantee an 

opt ima l s o lu t ion. The s tate def init ion does not properly cons ider the 
repe t it ion reward f act o r .  F o r  examp le , the reward f o r  a g iven s tage and 
s ta t e  is determined a f t e r  the opt imum route t o  it is ret raced t o  dete rmine 
the number of repe t it ions of that ce l l  a long the route .  The inval id 
a ssump t ion here is that the ini t ia l  reward a s s ignment is correct . However ,  
t e s t  examp les o f  th is f o rmula t ion ind icat e  that the a ircra f t  does return 
to the home base in a specif ic number of  moves and the path se lect ed is the 
bes t  poss ible in mos t  s ituat ions. I t  appears that the a lgorithm f a i l s  in 
s ituat ions where an ext reme ly var iable reward st ructure is def ined and 
repe t i t ions a re f re quent . Tab le 1 and F igure 1 p re sent an examp le o f  the 
algorithm us ing hypothet ica l data and ce l l  s iz e  of 15 s qua re mile s . 
Origina l ly the s tudy a rea was t o  have been d iv ided int o  260 cel ls , each 
IS-miles s quare as descr ibed in Table 1 and F igure 2. Re s t r ict ed comput e r  
t ime f orced t h e  u s e  of  2s-mile s quare ce l ls. 
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TABLE 1 .  REWARD * STRUCTURE FOR THE PATROL ROUTING ALGORITHM EXAMPLE 

(Examp le of F i gure 2 ) 
Rewa rd for Ini t i al P as s  Ove r the Ce11s ** 

Row/Co l 1 2 3 4 5 6 7 8 9 10 11 12  1 3  14 1 5  16  17  18 19  20 

1 2 2 5 8 8 9 4 0 4 9 4 2 4 3 6 4 3 4 3 3 
2 7 1 0 1 3 6 8 3 2 2 3 5 2 8 7 2 6 9 5 4 
3 6 6 1 0 1 6 0 4 5 2 2 0 2 4 5 0 6 7 2 9 
4 7 7 3 5 6 8 5 4 5 8 5 3 0 4 7 2 7 0 0 6 
5 5 5 6 2 3 4 2 6 6 0 1 7 8 8 4 9 6 6 0 0 
6 5 1 9 4 3 7 5 8 6 5 8 5 6 3 8 5 9 2 9 1 
7 4 9 0 6 5 2 2 3 3 7 9 4 7 7 7 5 5 0 7 9 
8 8 0 0 5 2 2 0 2 5 1 0 6 0 4 5 2 4 5 8 9 
9 5 2 0 1 7 3 0 5 2 5 4 9 0 7 9 5 5 3 9 0 

10 1 4 3 7 0 7 6 1 7 0 3 6 7 3 6 8 4 8 0 7 
1 1  3 9 0 2 7 3 3 0 5 3 0 9 9 5 3 9 3 1 9 2 
12  7 1 8 6 2 1 7 3 0 5 0 2 2 5 0 8 1 1 4 3 
1 3  5 1 4 3 9 0 0 1 7 5 9 0 7 7 3 5 9 1 5 8 

_ Dryden Ai rp ort 

Reward fo r Second P as s  Ove r the Cel ls 

Row/Col 1 2 3 4 5 6 7 8 9 10 11 12  13 14 1 5  1 6  1 7  1 8  1 9  2 0  

1 2 3 3 3 3 2 1 2 4 2 0 3 2 0 2 3 0 0 0 1 
2 3 0 4 4 1 0 1 0 1 1 0 1 0 4 0 4 0 0 4 2 
3 3 2 1 2 0 3 4 2 1 4 4 3 1 4 2 3 0 3 0 2 
4 2 0 1 1 4 0 2 0 0 2 3 1 4 4 1 2 3 2 3 4 
5 1 1 2 3 3 0 2 4 3 4 1 3 2 2 4 0 2 3 3 1 
6 1 1 0 0 2 0 4 4 4 4 1 1 0 2 1 2 1 0 3 2 
7 3 4 1 2 0 2 4 0 4 1 3 0 0 3 2 2 0 4 3 2 
8 4 2 0 0 2 1 2 1 3 3 0 1 3 3 2 0 0 0 0 0 
9 1 2 1 2 2 1 0 1 4 4 1 3 0 1 4 2 1 4 3 1 

10 3 0 1 2 2 3 3 4 3 2 2 4 0 2 4 2 1 0 0 3 
11 2 3 1 1 2 1 2 0 0 4 0 2 0 4 2 3 0 3 2 3 
1 2  0 1 3 3 0 4 0 4 2 0 3 4 2 4 4 2 0 4 4 4 
1 3  4 1 3 2 2 2 1 3 0 0 2 3 3 3 0 2 4 3 3 0 

(All rewards for three o r  more p as se s  ove r  a cel l  were s e t  t o  zero . ) 
*Va1ues s elected for demon s t ration p urpose  only . 

**Here , e ach ce l l  represents an area 15-mi1es s quare - the cel l  s ize 
in the mode l was set at 25-mi 1es square . 
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Opt imal Fligh t  Path 

Row/Col 1 2 3 4 5 6 7 8 9 10 11 12 13  14 15 16 1 7  18 19 20 

1 

2 

3 

4 5 1  50  

5 5 2  4 9  48 35 34  27  26 

6 5 3  4 7  4 6  4 5  4 4  4 3  4 2  4 1  40 3 7  3 6  3 3  29 2 8  2 5  2 4  2 3  

7 5 4  5 5  56  5 7  3 9  38 32 31  30  22 

8 5 8  5 9  1 9  

9 6 0  6 1  0 2A 0 3  0 4  05  0 6  0 7  1 7  18 

10 I 0 8  1 4  1 5  1 6  
(Dryden Ai rp o r t )  

11 0 9  10 11 12  1 3  

12  

1 3  

(The s um o f  rewards along this route is 368 . ) 

(Dryden Airport  i s  l oc at ed at p os i t i on 0 2A ,  e ach cell i s  15-mi1es 
square . ) 
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Figure 1 .  Example of flight plan produced by the patrol routing algorithm 
using reward data o f  Table 1 .  
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EVENT PROCESSING SEQUENCE IN THE MODEL 

In it ia liz ing 

At the beg inn ing of each run of the mod e l  a threshold va lue was 
def ined that re presented the minimum number o f  expected detect ions requ ired 
in order to s chedule a pa t r o l .  Th is va lue wa s used to ind irect ly determine 
the number of pa t ro ls f o r  the s eason and the ir take-off  t ime s . 

Data Read 

The f o l lowing data were made available to the model at the beg inning 
of each comput er run : 

(a ) The 1 9 7 0  data f o r  each f ire ( 1 5 8 )  that occurred with in the study a rea 
inc lud ing : 

( 1 )  date and t ime of  ignit ion 

( 2) date and t ime of  pub l ic or organized detect ion 

(3 ) da t e  and t ime that the f ire was 
In it ial Spread Ind ex f irst went 

( 4 )  cause of each f ire 

( 5 )  locat ion o f  each f ire . 

declared c r it ical 
to 8 or greater}  

(when the 

(b) The t ime and date of  each thunderst o rm f o r the 23 " thunderstormll 
stat ions in the area (Tab le 3 ,  Append ix 1 ) . 

(c)  The expe cted number of man-caused f ire s t o  occur each F ine Fue l  Mo isture 
Code c lass day f o r  each of  the 13 "man-caused" weather stat ions (Tab le 7 ,  
Append ix 1 ) . 

(d) The expe cted number of l ightn ing- caused f ires per s t orm day with in the 
a reas of the 23 " thunderst orm" stat ions (Table 4 ,  Append ix 1 ) . 

(e)  The amount of cloud cover by " c loud" weather stat ion (Table 9 ,  
Append ix 1 ) , day , and hou r .  

(f ) The F ine Fue l Mo isture Code data f o r  each " thunderstorm" weathe r sta t i on 
and d ay . 

(g)  The re lat ion of f o recast cells t o  the " thunders t o rm" , " man-causedll , 
and " c l oud" weathe r s tat ions (Tables 6 ,  8 ,  and 9 ) . 

(h ) The number and t ime s of potent ia l take-off  t imes al lowed each day . 
(The current version of  the mode l  has f our such t ime s at  0 100 , 0500 , 
1400 and 2000 hours . )  

( i )  The average detect ion probability g iven the cloud cover percentage 
(Table 13 , Append ix 1 ) . 

(j ) The f unc t ion used t o  dete rmine hou r ly expected numbe rs of  man-caused 
f ires (Tab le 14 , Append ix 1 ) . 
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(k) The F ine Fue l  Mo is ture Code c lass def in it ions (Tab le 7 ,  Append ix 1) . 

( 1 )  The hourly v isual detect ion reduct ions in f ore cast demand (Tab le 1 ,  
Append ix 2) . 

Process ing 

For each day and each potent ia l take-off  t ime the f ore cast demand 
va lue f o r  each cell wa s updated . Th is wa s accomp l i shed by add ing t o  each 
cell the a ppropria t e  hourly increment s ac cord ing t o  the prev i ous ly des cribed 
man-cau s ed demand f ore cast s cheme . If a thunderst orm occurred in the ce l l  
s ince t h e  las t  upda te , t h e  approp r iate l ight n ing f ire expe ctat ions we re 
added . Deduct ions in f oreca s t  demand were made each hour f o r  the inf luence 
of the v isua l sys tem.  

A test was made to see if s imu lat ed f light should be ca rried out . 
Th is test  invo lved the applicat ion o f  the pat r o l  route algo rithm us ing the 
demand f o re ca s t  values adj usted f o r  the c loud cove r a t  that s pe c i f ic t ime 
(Tab le 13 , Append ix 1 ) . If  the expected number of  detect ions as determined 
by the a l go r ithm f or a pat rol of 29 cells in length ( 7 25 miles ) originat ing 
and t e rminat ing at the cell conta ining the Dryden Airport exceeded the preset 
thresh o ld va lue then a pat ro l  was s imulated . Otherwise , the s imu lat ion 
mode l ' s  c l ock was advanced t o  the next potent ia l  take-of f  t ime and the above 
procedure was repea t ed . There f o re ,  accord ing to th is rule , s imu lat ed pat rols 
were carr ied out only when the expect ed number of detect ions , cons ide r ing 
current c loud cover s itua t ions , exceeded a threshold va lue such as 0 . 75 f ires . 

The route taken by a s imulated pat ro l  was produced by the a lgorithm 
and cons isted of 29 ordered cell  center locat ions start ing and end ing with 
the same ce l l  number .  Each succe s s ive pat ro l  rout e d if f e red because of the 
dynamic nature of  the f ore cas t  detect ion d emand and d if f e r ing c loud cove r 
s ituat ions . The t ime of  arrival a t  any point a long the pat ro l  route could 
be calcu lated as suming a s peed o f  250 miles per hour knowing the d istance 
along the route f rom the a irport and the t ake-o f f  t ime .  

A f ire was def ined a s  " available" f or detect ion by a s imu lated 
inf ra red pat ro l  if it me t a l l  of  the f o llowing cond it ions : 

(a ) The pa t ro l  route pas sed through the ce ll in wh ich the f ire was located . 

(b)  The ignit ion t ime of  the f i re was bef o re the arriva l t ime o f  the a i rcra f t  
in t h e  cel l .  

(c )  The organ iz ed o r  pub lic detect ion t ime ( 1 9 7 0  h is t orica l re cord s )  was 
lat e r  than the arriva l t ime o f  the a ircraf t in the ce l l .  

(d ) The t ime when the f ire was declared c r it ica l (when the f ire burned int o  
a per iod o f  an Ini t ia l  Spread Index o f  8 o r  grea t e r )  was later  than the 
arriva l t ime of  the a irc raf t in the ce l l .  

For each ava i lable f ire the f o l lowing calcula t ions we re made : 

(a ) The pe rpend icular d is tance f rom the f l ight line and the co rrespond ing 
s can angle . Here the a irc raf t ' s  alt itude was as sumed t o  be 25 , 000 feet 
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(MSL)  and the f ire ' s  e levat ion was a s sumed t o  be 1 , 500 feet  (MSL) . If  
this s can angle exceeded 6 0  degrees th is f ire was no longe r cons idered 
" ava ilable" . 

(b)  The p robab il ity of dete c t ing the f ire g iven the c loud cove r ,  s can angle , 
and as suming the f ire is located under dense mixedwood canopy with a 
bu rn ing a rea of  5 s quare feet (Table 12 , Ap pend ix 1) . Th is va lue was 
reduced by 50 percent f o r  the a f t e rnoon pat rol because of the inf luence 
of sun l ight in reducing detect ion capabil ity of the sys tem. 

It  was poss ible for the detector  to have two " looks" a t  a f ire if 
the pat r o l  route made a 90 degree turn in the cell of  int ere s t  and the f ire 
was located in the cell ' s  ins ide quad rant re lat ive to the turn . S imila rly , 
a f ire located in the out s id e  quad rant was cons idered not t o  be " ava ilable" 
f o r  detect ion . 

A var iable intended t o  represent the probab i l ity of a f ire exis t ing 
undetected in a non-crit ical s tate was def ined . At ignit ion t ime f or each 
f ire this va r iable took the value 1 . 0 .  Af t e r  each pas s  of the IR sys t em ove r  
a n  ava i lable f ire t h e  new value of  the probab i lity of  t h e  f ire rema ining 
undetected was calcu lated , knowing the probabil ity of that specific  pat ro l  
detect ing it . Als o ,  f or each ava ilable f ire , the detect ion p robability 
mult ip l ied by the probabi l ity of  the f ire exist ing was cumu la ted . Th is 
f igure , a t  the end of a seas on , repre sented the numbe r of  expected f irs t 
detect ions by the IR sys tem.  

At the t ime when a f ire went crit ica l o r  when it wa s v i sua l ly 
det ected , the probab il ity of  i t  exist ing was cumulated in e ithe r a var iable 
that represented the expected number of  result ing c r it ica l f ire s o r  a 
variable represent ing the expected number of  v isua l detect ions . The proba
b il ity of  th is f ire exist ing then was set  to z e ro . 

The f o re ca s t  detect ion d emand va lues f o r  the cells a long the pat ro l  
route were adj usted us ing t h e  values o f  Table 13 , Append ix 1 ,  o n  the comp le
t ion of  a s imu lated pat r o l .  At that t ime , the c lock was advanced to the 
next poten t ia l  take-off  t ime and the who le proce s s  was repeated . 
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MODEL RESTRICTIONS DICTATED BY COMPUTER LIMITATIONS 

The mod e l  mad e  ef f ic ient use of computer  c o re and d id not re sort 
to  externa l memory dev ices wh i le in the execut ion s tage . Approxima t e ly 
25 , 000 word s we re requ ired and no wo rd packing procedure s we re ca rried out . 

The computer  program cons is t ed of approx imately 1 , 200 cards of 
Fort ran Code in t en subrout ines that were s t o red in re locatable f orm on a 
d rum. The f ire and weather data were also  s t ored on the same d rum. It 
requ ired approximat e ly 10  se conds of Univac 1 10 8  t ime to load the program 
and read the dat a  f o r  each s imulat ion run . 

The maj o r  prob lem in the mode l  was the execut ion t ime that wa s 
requ ired f o r  the pat ro l  rout ing algorithm. Init ially ,  it was p lanned t o  
have ce l l  s iz e s  o f  lS-miles square ( 1 2 0  degree s t r ip wid th of  the I R  s canner 
f rom 23 , 5 0 0  f ee t  above t e rra in ) and potent ial t ake-off  t imes each hou r .  
Th is would have required , f o r  a s imulated 6 0-day season , 1 , 440  ca lls  t o  
the pat rol  rout ing algor ithm u s ing 2 5  se cond s each o r  a t o t a l  computer t ime 
of 10 hours ( $ 5 , 000) . Cons equent ly , the port ion of  the mode l  a s s o c iated 
with the dec is ion as t o  when t o  f ly was reduced t o  f our potent ial take-off 
t ime s a day and a cell  s iz e  of  100-miles s quare . Each ca l l  t o  the rout ing 
a lgor ithm unde r the se c ircums tances requ ired 0 . 1 7 seconds or a t otal  cost  
per run of approximat e ly $ 5 . 6 0 .  When the threshold rule us ing a cell of 
100-mile s square ind i ca t ed that a s imu lated pat rol shou ld be carr ied out 
another ca l l  was mad e t o  the rout ing algor ithm us ing a ce ll s iz e  of 25-miles 
square in order to es tab l ish an ef f ic ient and we l l  def ined route through 
the f o re ca s t  demand mat r ix .  I t  requ ired 1 . 8  se conds to  d e t e rmine such a 
route u s ing a path length of  29 cells . 
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