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USER'’S GUIDE TO CALCULATING RATE OF FIRE
SPREAD
BY HAND-HELD CALCULATOR

James E. Eenigenburg, Computer Programmer,
East Lansing, Michigan

The programs in this guide use formulas devel-
oped by Simard et al.! to calculate the rate and di-
rection of fire spread across any triangular or square
plot. They can be used in the field with a hand-held
Texas Instruments? TI-59 calculator. The first pro-
gram is appropriate for use in a wildfire situation
where three landmarks can be sighted and the time
when the fire reaches each noted. After the fire passes,
the angle and distances between the landmarks can
be measured. The second program is best suited for
prescribed burns where plot markers can be posi-
tioned ahead of time.

PROGRAM #1—THE
TRIANGULAR PLOT

Given any triangle, let vertex A be the point the
fire reached first (at time t,), let vertex B be the
point the fire reached second (at time ty), and let
vertex C be the point the fire reached last (at time
te). Such a triangle can be placed on the xy-plane
(fig. 1), with point A at the origin and B on the
positive x-axis. Note that C can be in any one of the
four quadrants.

Inputs needed are the two sides AB and AC, and
the included angle A. Also necessary are the three
times t,, tg, and tc. The program calculates the rate
of spread across the triangle and also gives the angle
of spread 6 with respect to the positive x-axis. For
program listing and documentation, see Appendix L.

\Simard, A. J.; Eenigenburg, J. E.; Adams, K. B.;
Nissen, R. L.; Deacon, A. G. A general procedure for
sampling and analyzing wildland fire spread. Forest
Science (in press).

2UUse of trade name does not constitute endorsement
of the product by USDA Forest Service.

USER INSTRUCTIONS

Step Enter Press Display
1 angleA A 1/tan A2
2 side AB B AB
3 side AC C AC
4a ta D 1A
b ts R/S tg
I te R/S tc
5 E rate of spread
6 R/S angle of
spread?

(‘)

1Steps 1 through 4 may be entered in any order as long as all are
done before step 5. In step 4, the three times must be entered in
chronologicai order.

?|f angle A equals plus or minus 90°, angle A will be displayed rather
than I/tan A.

sRelative to a base line between Aand B.

4If the user wishes to see the rate of spread again after viewing the
angle, pressing R/S will cause the program to return to step 5 without
reexecuting the entire program. To change one or more of the inputs
and rerun the program, only the steps involved need be changed be-
fore pressing E again. Changing one of the times of step 4 requires
reentering all three times. The display will remain fixed in the decimal
configuration of the last output. To return to standard display, enter
the sequence INV FiX.




{AC cos A, AC sin A)
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Figure 1.—The triangular plot.

Sample Run

Three landmarks are sighted during a wildfire
and the times when the fire reaches each is noted:
2.0 minutes, 3.6 minutes, and 4.2 minutes. The three
landmarks are labeled A, B, and C, respectively. The
distance between A and B is 45 feet, between A and
C, 63 feet, and angle A measures 78°.

Step Entdr Press Display
1 78 A .2125565617
2 45 B 45,
3 63 C 63.
4a 2 D -2,
b 3.6 R/S 3.6
c 4.2 R/S 4.2
5 E 22.05
6 R/S 38.

Output from the program shows the fire spreading
at 22 ft/in at an angle of 38° with respect to side AB.

PROGRAM #2—THE
SQUARE PLOT

The four corners of the square are labeled A through
D (fig. 2). It does not matter which vertex is labeled
A, as long as the order is counterclockwise. Angle M
is the azimuth of B as viewed from A.

NORTH

Figure 2.—The square plot.

Inputs needed are the time when the fire reaches
each corner of the square, the length of a side of the
square s, and the azimuth M.

Define triangle A as that formed by ABC, triangle
B by BCD, triangle C by CDA, and triangle D by
DAB.

The program calculates the rate of spread ROS
and compass direction for each triangle and averages
them to produce a rate and compass direction for the
square. Standard deviations of the rate and direction
of spread may also be obtained.

The program also calculates a vector average to
test variability. Here the rate and direction of spread
for each triangle is treated as a vector. The four vec-
tors are added and the resultant vector divided by
four. The vector average gives the rate of spread in
the indicated direction. The closer this number is to
the arithmetic average, the less variable the direc-
tion and/or rate of spread.

For program listing and documentation, see Ap-
pendix II.



USER INSTRUCTIONS

Step Enter Press Display
1 time at pointA A ta
2 time at point B B ts
3 time at pointC C tc
4 time at pointD D to
5 side of square E ]
6 azimuth M R/S2  average ROS across square
7 R/S  average direction across square
8 R/S standard deviation of ROS
9 FE/S standard deviation of direction
- 3
10a+ A} ROS across triangle A

b R/S direction across triangle A
11a B’ ROS across triangle B

b R/S direction across triangle B
12a C’ ROS across triangle C

b R/S direction across triangle C
13a D’ ROS across triangle D

b R/S direction across triangle D
14a E' vector ROS across square

b RIS
- ¢)

:Steps 1 through 4 may be entered in any order as long as all are
done before step 5.

2The program makes all calculations at this point before displaying
the arithmetic average rate of spread. This takes approximately 45
seconds.

sPressing R/S at this point will cause a jump to step 14.

4Steps 10 through 14 may be executed in any order and repeated at
will.

sPressing R/S at this point will cause a jump to the output of step 6
without reexecuting the entire program. This may be followed by step
7, etc., if the user so wishes. The user can rerun the program with
new data or restart the program from any point merely by returning to
step 1. Unlike the triangular plot program, ail inputs (even if they are
the same as the previous run) must be reentered. The display will re-
main fixed in the decimal configuration of the last output. To return to
standard display, enter the sequence INV FIX.

vector direction across square

Sample Run

A square plot, 10 feet on each side, is laid out
prior to a prescribed burn. Each corner is labeled
counterclockwise, A to D, with the azimuth of side
AB equal to 135°. The fire reaches point B first at a
time of 5.0 minutes, point C at 5.3 minutes, point A
at 5.33 minutes, and point D at 5.54 minutes.

Step Enter Press Display
1 5.33 A 5.33
2 5 B 5.
3 53 C 5.3
4 5.54 D 5.54
5 10 E 10.
6 135 R/S 26.34
7 R/S 357.
8 R/S 3.
9 R/S 8.
10a A 22.42
b R/S 357.
11a B’ 26.03
b R/S 6.
12a C’ 31.36
b R/S 356.
13a D’ 25.57
b R/S 347.
14a E 26.17
b R/S 357.

The output from this sample run is as follows:

Rate of Compass direction
spread of spread
Ft/min Degrees
Square
Arithmetic 26 357
Vector 26 357
Triangle
ABC 22 357
BCD 26 6
CDA 3 356
DAB 26 347
STANDARD DEVIATION 4 8




APPENDIX I
The Triangular Plot Program

Rearranging terms for computational conve-
nience, the formula for the angle of spread 6 given
by Simard et al. is:

- e [(AB N[ _te—ta \_(_1
: 5 §=tan [(ta - tA) (AC sin A) (tan A)] b
1l EL The program first checks to see if angle A equals
Axlh 90° (step 010) or —90° (step 013). If so, then 1/tan A
e o equals 0. A zero is stored in memory register 00 R00
i:: N 4 r o at steps 006-007 for this purpose. If angle A does not
a i - :._ oy equal =90°, then 1/tan A is calculated and stored in
iil 1 {-_EI :é: 0 TAH ROO (Steps 015'019)
017 35 10K
N1z 4z 570
gie oo oo
oz FEOLBL
0zt 30 TAHM
EICICHNC D L

Sides AB and AC are read in with labels B and C
and stored in R12 and R13 respectively.




B = Since we need t; - t, and tc - t,, first a negative
i 4 R t, is stored in R22 and R23, then t; is added to R22
il T and t; to R23.

YR A Y oY)
v

S =Y S )

a1

‘1 E‘ F At this point all inputs have been entered into the
17 ROL calculator. Placing side AC in the t-register and an-
13 = gle A in the display permits taking advantage of the
aE : calculator’s built-in vector feature. P/R at step 054
4% RBCL calculates the y-coordinate of this vector, which equals
11 1l AC sin A. Dividing by tc - ta (steps 055-057) gives
;_‘__ FR us the reciprocal of (t - t,)/(AC sin A), which is stored
A% REL in R30.

a5 =

4z

e e )

i

The next section of the program evaluates
AB/(tg - to). First, a check is made to see if tg = t,.
If s0, a special case exists and a jump is made to label
SIN.

Otherwise, AB/(tg - t,) is calculated. Since this is
also an intermediate value of the spread rate cal-
culation, it is stored in R21 before continuing. This
value is then divided by (AC sin A)/(t; - ta) which
has been stored in R30, and finally (1/tan A) from
ROO is subtracted. Taking the arctan in steps 079-
080 yields 6, which is stored in R3L

f
[ IR
1

:‘ 'E " The rate of spread of a fire across a triangular plot
g LY given by Simard ef al. is:

20 THH

42 =570

R RS

Jue AB cos 6

2% C0s =

ie -U— r= o tA)’tB # t,

44 RCL ) -

a1 @t Cos 0 is taken at step 083 and multiplied by AB/(tg-ts)
a5 = from R21. This is stored in R30 before jumping to
42 270 label A’, where the output is displayed.
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If tg equals t,, the fire is spreading perpendicular
to the x-axis. In this case, 6 equals +£90° and
the rate of spread equals the absolute value of
(AC sin A)/(t; - t,).

The latter value had previously been calculated
in steps 049-058 and stored in R30. A positive 90° is
first stored in R31. The rate is checked at step 100
to see if it is positive. If not, its absolute value is
taken at step 102 and stored in R30, and the angle
-90° is stored in R31.

The output is displayed in the same units that the
inputs were given in. Two decimal places are allowed
for the user working in chains/hour. The user work-
ing in feet/minute should round to the nearest whole
foot. The angles are output to the nearest degree.
Steps 122-123 are added so that the output sequence
can be repeated.



APPENDIX II

The Square Plot Program

The first part of the program is actually used last.
Since the program pointer always starts at location
000 when searching for a label, all user-defined la-
bels are found within the first 100 steps. To further
reduce execution time, absolute addressing is used
rather than labels for all branching operations.

The code at left outputs the final results. The rates
of spread for triangles A through D are stored in
even-numbered registers 22 through 28 and are out-
put to two decimal places to satisfy users working
in chains/hour. Users working in feet/minute should
round to the nearest foot. The angles are stored in
odd-numbered registers 23 to 29 and are output to
the nearest degree.
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R30 and R31 contain the vector averages for the
rate and direction. Steps 060-062 show a jump to
location 457, where the mean and standard deviation
for both the rate and direction of spread are output.

The input labels come next. As each time is en-
tered, it is stored in three different registers because
each corner of the square is associated with three
different triangles.

The program pages through the registers in re-
verse order, starting with R12. R12, R11, and R10
contain times for points A, C, and B, respectively,
indicating that triangle A is processed first.

R09, R08, and RO7, containing times for triangle
B, are processed next. Triangle C is third, followed
by triangle D.

Label E stores the length of one side of the square
in R13, and the azimuth in R14.

R15 is used for indirect addressing. Whenever a
rate of spread or a direction is calculated, R15 con-
tains the address where it should be stored. It is
originally set to 22,

RO0 is also used for indirect addressing. It is orig-
inally set at 12 and is intended to input the correct
triangle to the program as noted above. R30 to R33
are cleared for later summations.



The main loop of the program (steps 123-352) is
executed four times, once for each triangle. Since the
process is the same on each, for clarity this discussion
will use the notation of the first triangle. As noted
above, the times for the first triangle are brought
into the loop in the order t,, tc, ts. The notation
min(t,,te) is used to indicate the lesser of t, and tg,
while max(t,,tc) is used to indicate the greater of the
two.

The general formula for the angle of spread across
a right isosceles triangle (Simard et al.) is:

g =tan"! ] Lot -B81,t, # t,, where
tz - tl

t,, t; and t, are the three times in chronological order,
and o and B are constants dependent on the specific
case involved (fig. 3).

Each case can have a subcase consisting of its
mirror image. To differentiate between the two, the
first group is called a and the reflected group b. Steps
123-188 identify the particular case and subcase as
well as place (t; - t,) in R19 and (t, - t,) in R20.

CASE 1 CASE 2 CASE 3
l:3 t3
s s
s )
s t S
a: 1 1
B: 1 Y

Figure 3.—The three right isosceles triangles.



The sequence begins by setting flag 1, which is
used to separate case a from b. A one is then stored
in R17 and R18, indicating B and « respectively.

Next t, isrecalled (steps 130-131) and entered into
the t-register. RC* at step 130 does not appear on
the calculator’s keyboard. It is achieved by entering
the sequence RCL IND.

The program then recalls t,, (steps 133-138), stores
it in R19, and tests it against t, (step 141). If t. is
less than t,, their locations (t-register and R19) are
switched (steps 144-146) and flag 1 is reset (steps
E 147-149), indicating case 1b, 2a, or 3a.

v

:|
O e aed |‘ T e e
m DR T et R4 g

142 0t 01 . .
;23 f-. o _r:—i,:, Then tg is recalled (steps 150-155) and stored in
Lag 32 017 R20. If it is less than the time currently in the t-
*;‘:_’ 42 511 register, min(t,,tc), then the triangle is case 3 and
PP B (R17) is set equal to zero (steps 161-163), min(t,, t.)
148 ZE STF is moved to R20, and tg is placed in the display (steps
} jl“!‘ ‘r:‘ ti 164-166) before jumping to step 184.

151 =4 4o

is3 i

194 7

155

156

157 20

182 7 GE

159 g1 o

Tell 700 70

- U R TN

162 42 570

163 17 7

164 32 T

183 N

LRE

1ET

16

16

If, on the other hand, t; is greater than min(t,,t,),
it passes the test at step 158, causing a jump to step
170. The program moves ty to the t-register, min(t,,to)
to R19, and max(t,,tc) to the display (steps 170-172).

A test is made at step 173, and if max(t,,to) is
greater than tg, the triangle is case 1, and a jump is
made to step 182.

If max(t,,to) is less than tg, the triangle is case 2,
max(ty,tc) is placed in R20, o (R18) is set equal to
two, and tg is moved to the display (steps 176-181).

Both case 1 and case 2 execute steps 182-183 and
succeed in placing the maximum time, t,, in R19,
and the minimum time, t,, in the display. All three
cases come together at step 184, where t, is made
negative and added to t; in R19 and t, in R20 (steps
185-188).



The program now calculates 6. If t, = t,, 6 = 90°.
This special case is processed with a test at step 192
and a jump to 222, where 90° is stored as the angle.
All other cases are handled with steps 195-210.

ot e ot ot et

et

The formula for the rate of spread (Simard et al.)

: is:

1 43 RO

1 i? e \f’

2 L5 = scos 0 Va

= PR, ROS = ——mmm
heoan CE I
202 7S -

z 43 RCL where s is the length of a side of the square. ROS is
= S calculated in steps 211-221 and 232-235.
207 2ZOINY

z 3 THH

:: ; ,4, If we are dealing with the special case where t;
47 =T equals t,, the formula for the rate of spread is:

43 ROL .

1313 ROS = ——7

55 = (t3 - t]_) VTI—

43 RCL

.15; E ? which is calculated in steps 226-235.

43 RCL

8 1= ROS is stored indirectly in the register indicated
4.“_-1'. r,__ by R15. ST# at step 236 does not appear on the cal-
72 culator’s keyboard. It is achieved by entering the
15, sequence STO IND. ROS is also stored in R34 for
“*‘_;r later vector calculations and summed in R32, with
34 its square summed in R33 for later standard devia-

tion calculations.

P 'j 9 is stored in R21 for subsequent azimuth calcu-
245 01 1 lations.
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The general formula for finding the compass di-
rection of spread DOS is: DOS = N+8 + M, where
N=+6 is dependent on the case involved. Steps 248-
306 begin the calculation with N + or N -, followed
by a jump to 307 for 6 + M.

Cases 1 and 2 pass the test at step 251 and jump
to 272. Steps 258-264 are for case 3a and 265-271 for
case 3b.

Case 3a: DOS = -90°-9 + M.

Case 3b: DOS = 180° + § + M.

Cases 1 and 2 are tested again at step 274. Case
1 passes and jumps to 295. Case 2a is handled in
steps 281-287 and case 2b in steps 288-294,

Case 2a: DOS = 135°-¢ + M.

Case 2b: DOS = -45° + ¢ + M.
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Case 1b is processed in steps 299-304 and case 1la
in 305-306.

Case 1b: DOS = 90° + 6 + M.

Case 1la: DOS = 0°-6 + M.

All cases come to step 307, where 6 is either added
to or subtracted from the previous calculation and
added to the original azimuth M.

Steps 313 to 322 change polar to rectangular co-
ordinates. The y-values are summed in R30 and the

x-values in R31.

Steps 323-325 return the angle to polar within the
field -90° < DOS<270°.

Angles which are negative have 360° added to
them in steps 326-338.

13
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The angle is stored indirectly to the location ad-
dress that is stored in R15.

Because triangle B is rotated 90° from triangle A,
and C is rotated 90° from B, etc., 90° is subtracted
from the azimuth M at this point before returning
to the beginning of the main loop at step 123.

Finally, after the main loop is executed four times,
once for each triangle, the program arrives at step
353.

The vector averages are calculated in steps 353-
382, with the rate of spread stored in R30 and the
angle of spread, after converting to positive degrees,
stored in R31.



G
5

BN

R o Rl % Jmw N S |
DR SEOPRITA ) I SN S R | JOEK)

L2
SRR |

[RVA CNTS 1
[SXRIE ()

d O b

[
- 3

VT A e e

[

L

i R e
ol o |

(X}
)
w30

=)

L]

D

e bt T b ]

3D 6 e
CREM e A

=

SHH
15
nsz
oo
)
11

A problem may arise when calculating standard
deviations, if the angles are close to 0°. For example,
355° and 0° are only 5° apart, yet their magnitudes
are 355° apart. To avoid this problem, 180° is sub-
tracted from the vector average for a lower bound
and stored in R11. Then 180° is added to the vector
average as an upper bound and stored in R12.

After preparing R00 to RO5 for statistics calcu-
lations, each angle is checked to see if they lie within
the bounds.

If outside the bounds, 360° is either added to or
subtracted from the angle before summing. However,
the original angle stored in registers 23 to 29 re-
mains unchanged.

Each of the four angles of spread *360°, are
summed in R04 and their squares summed in RO5.

15
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Each of the four rates of spread and their squares
previously summed in steps 240-244 are now entered
into RO1 and R0O2.

Using the calculator’s built-in functions for cal-
culating the mean and standard deviation, each can
be displayed by repeatedly pressing the R/S key. First
is the mean of the rates, then the mean of the di-
rections, then the standard deviation of the rates,
and finally the standard deviation of the directions.

Pressing R/S once more causes a jump to label E’,
where the vector averages are output. Although
pressing label E’ accomplishes the same thing, this
feature was added to eliminate one keystroke for
user convenience.
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