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ABSTRACT

A computer program is presented which solves the search
planning problem for survivors at sea., The program s
designed to utllize weather data as compiled by the United
States Navy at Its Fleet Numerical Weather Central,

Monterey, Callfornia.

An investigation Is also made into the search criteria
used by the United States Coast Guard in its planning
procedures, Guidelines are gliven for the use of the square

search and the Sector search.,
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I. INTRODUCTION

A. THE COAST GUARD AND SURVIVOR SEARCH
Survivor search Is defined as the process of planning
and executing a search for survivors at sea, and the Coast
Guard usually accomplishes this In the following steps:
1. Initial Notification
This stage involves gathering all available data
about persons or craft in distress, including
characteristics of the survivor craft, number of survivors,
etc.
2. lnitial Distress Position
In this stage, the search planner puts together all the
available data concerning the survivor and makes a judgement
as to what the most likely position of the survivor was at
the time the craft seased operating normally,
3. Drift Calculations
The survivor's suspected motion is plotted assuming
drift Iin the open ocean, and a position is calculated for
some future time, usually the planned teginning of search
efforts.
" u. Calculation of the Area to be Searched
An estimate Iis made of the accuracy of the
survivor's position as calculated in step 3 and the accuracy

of navigation of the search craft. An area, called the



Search Area, Is defined based on these errors.
5. Allocation of Search Units
A determination Is made of the resources (ships,
planes, boats, etc.) to be used in the search, and the way
in which these resources will be used.
6. LExecution of the Search
Searching 1Is accomplished according to several
established search patterns, most of which are different
arrangements of a series of parallel paths within the Search
Area.
7. Jermination of the Search
Either thte survivors are located or, after a certain
amount of searching Is completed without success, the search
Is terminated. This stage Includes reports, and the

evaluatlon of search effort,

B. DOCTRINE

The guidance for all these activities Is contained in
Coast Guard publication CG-308, the National Search and
Rescue Manual, (Ref. 1,). Chapters 3 through 8 of this
manual contalin the Iinstructions for planning and conducting

8 search for survivors at sea.




C. PURPOSE

This thesis accomplishes two things:

1. Provides a computerlized solution to step 3 of the
search planning process, calculating survivor craft drift,
and

2. Investigates the criteria used for allocatlion of

resources to a search, steps 4, 5, and 6.

It is Intended that the results be understood by the

search planner, so that they may be of some use (o him,
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A. OBJECTIVE

The major objective in designing a computer program for
search planning was to have a fast, accurate means of
obtalning an estimate of a survivor's oceanic position at

the time of the beginning of a search.

B. THE MANUAL METHOD
In order to wunderstand the program, It Is flrst
necessary to understand how drift plotting Is done manually,
1. Example
A filshing vessel Is believed to have cunk at
latitude 40-42,0N, and longltude 52-13.0W, at 0900z on 22
June. The probable error of this position Is estimated to
be 30 :nlles. Although the standard measure of varlabllity Is
the standard deviation, all error estimates made In the
search planning process are In terms of probablo error. It
will be demonstrated that this error Is defined by the
statistical term, "“probable error". Survivors are belleved
to be In rubber rafts.

The proper Coast Guard suthorities are notifled at




2100Z on 22 June, and a search cilane has been dispatched. It
Is due to arrive on the scene at 0100Z 23 June. The
~lrcraft's navigation error (again a probable error) Is
estimated to be 10 miles.
2. Gatherinz Data

The flrst task of the search planner Is to estimate
wind, wind current, and sea current at the position of the
sinking. Wind Is obtained from observations, weather maps,
Navy Fleet weather services, or the U.S. Weather Bureau,
whichever Is avallable. Wind current Is computed from the
wind by means of a graph given In the Natlonal Search and
Rascue Manual. Average Sea Current |s obtalned trom ocean
current charts or plilot charts, These sources for average
sed current are complied from observations made over several
years. (Yhus this data may not be accurate for the time and
place of cuncern, but so far they have been the only data
avallable to the search planner.)

3. Deife Plu:iting

a. Leeway

Leeway |s the motion of the s.rvivor craft caused by
wind, For the examole -ase of a life:aft, two graphs ara
provided In the SAR Manual for computing ‘'eeway. One graph
Is for when a drogue |s attached to the ra*: (g drogue is a
type of sea anchor designed to retard liferu:t leeway) and
the other is for when a drogue Is At attached. (7 it 's not

known whether a drogue Is attaches. hoth conditians are




considered separately.

b. Total Drift

Once leeway, wind current, and average sea scurrent
have been determined, they are added vectorially to produce

total liferaft drift,

AVERAGE SEN CURRENT .

1e i DRIFY

This calculation can be done for intervals of any
length = one hour, three hours, twelve hours = but the
interval most commonly used 1Iis the Interval between wind
observations. That is iIf wind Is available for 09002, 12002Z,
1500Z, etc., the search planner would probably compute total
drift in three hour Intervals, from 0900Z on the 22nd to
0100Z on the 23rd. Each time total drift Is calculated
(another probable error), 12.5% of that distance is retained
as "drift error", and the drift errors are summed to obtain
total drift error.

Example: In this manner, the position of the example
liferaft is calculated to be 40-58.0N, 51-55.0W, and the
drift error is 4,0 miles,

c. Minimax Plotting

If it ls‘unknown whether a drogue was In use,
two plots are made, and the final ("datum") position Is

defined to be micdway between the two positions calculated.

10




The drift error is a function of the two calculated drift

errors and the distance between the two positions. This
process of plotting two positions Is called Minimax plotting
in the SAR Manual,
d. Error of Positlor
Once the datum has been computed, It Is then

necessary to find total probable error of position, c, where

de = total drift error
X = error In Initlal position of survivor craft

Y = navigation error of search craft

¢ = \/JQI" Xl' Yz

For the example, c= J3601000900 -JHOIG = 31.9 miles.
e. Safe}y Factor
To determine the size of the area to be
searched, a search "radius", R Is found by multiplying ¢ by
a safety factor, depending on which search in a sequence is
being planned. For searches one through five, the respective
safety factors are 1.1, 1.6, 2.0, 2.3, and 2.5. The example
of the sunken fishing boat is a first search, so R = 1,1 x
1.7 = 16.2 miles.
The area to be searched, then, Is a square wlith

sides = 2xR, centered con datum:

11
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f. Sweep Width
The standard measure of the effective search
width of a search craft is called "sweep width"”., The value
of the sweep width is obtained from a table in the Search
and Rescue Manual, based on the type of target, search
altitude, and meteorologicul vislibllity, The sweep width
thus obtalned Is corrected for the effect of sca state by
multiplylng by a "whitecap correction factor" which Is

tabulated for various wind speeds.

C. THE COMPUTER PROGRAM
l. Qhlactiys
The computer program accomplishes the objective of
providing an estimate of the survivor's position by
automating the steps of the manua! method of drift plotting.,
2. Sourcs of Meathar Data
In choosing & source of weather data for the computer
program, three criterla were conslidered: a. availladility, b,
computer access tim-, and c. accuracy. The flinal seiection
for data source was the Navy Fleet Numerical Weather
Central, Monterey.
a. Avalladility

FNWC Westher date |Is complled twice dally, ot

12




0000Z and 1200Z, and is directly available, either by data
link or, for testing purposes, on magnetic tape. For use
with this program, the data 1is stacked chronologically or a
master tape.

b. Computer Access Time

With the exception of the mounting of the master

weather tape, all weather data handling is eliminated.
Access speed, then, is limited only by the speed of the tape
transport.

c. Accuracy

Although the data used is intended for wide area
coverage, its probable error is less than the probable error
assumed when computing drift error (12,5%). Although there
will be occasions when local weather reports are available
and may be more accurate, the bulk of search planning !s
done under conditions of incomplete weather analysis and
forecasts, and when gross estimates must be made. Since the
weather analyses for a particular time period and
geographical location, once assembled for this program, are
fixed parameters, repeated computations of the same search
problem will always produce identical answers. This permits
a rigorous evaluation of the data, methods, and assumptions
used in search planning by a systematic testing procedure,
3. Data Description
The weather data are produced by FNWC for 3,969

geographical points in the northern hemisphere. These data

13



points are intersections of a 63 X 63 square grid
superimposed on a polar stereographic map projection. Grid
point (32,32) is at the north pole, and the vertical line
(i=32) is coincidental with the 80 W and 100 E meridians. A
sample projection is shown as Figure 1.

The polar stereographic projection provides a
plotting reference which shows an entire hemisphere with the
least possible distortion (Ref. 6), and the scale Iis true at
60 degrees North Latitude. Conversion from latitude (L) and
longitude (A) to grid coordinates is accomplished by the

following formulas:

[ ] o

¢« 32 « 31.209 i-suinl ces(a o) (n
e N

|-

sen (Ao it
Leein L ( (2)

J « 3 - Jy. 2cs (l-)th

For the example, | = 38,008, and J = 19,0103,

The doata Is stored In "flelds"” of 3,969 words

(numbers), each word being some component of atmospheric or
oceanlic condlitions at Its corresponding (i,)) grid position,

The flelds required for direct Input to this program are:

18




Figure 1. Portion of Polar Stereographic Projection Showing
FC (1,j) Coordinates
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U Curr U- component of surface current
V Curr V- component of surface current
U Marine U- component of surface wind
V Marline V- component of surface wind
where the U direction is parallel to the "I" or

horizontal axls and the V direction Is parallel to the "j"
or vertical aals, in the FNWC grid system,

The Current information as provided by FNWC Is tetal
surface current, Iincluding wind current.

Fleet Numerical did not regularly produce U Marine
and V Maring wind fields, so these fields are computed dy a
separate computer program provided by the Weather Facllity

using the following data flelds as input:

0 1000 Meight of the 1000-md pressure |ine
T Alr Alr temperature at the surface
T Sea Ses temperature at the surface

D. CALCULATING DRIFY WITH THE COMPUTER

1. Lasmay
In addition to the liferaft drift tadles glven In

the Search and Rescue manual, there are other ways to
predict the leeway of o survivor craft. Most of these

methods Iinvolve using & percent of the wind speed to

16




determine the leeway speed, And some deflection in degrees
to determine the direction of leeway off the wind line. For
example, a boat type may be known to drift in a direction 40
degrees off the wind line, and at a speed equal to 4% of the
wind. To accomodate these methods as well as the liferaft
drift table from the SAR Manual, several options are
available to the user of this computer program,
2. Qptions for Leeway

a. A function approximating the liferaft drift
tables in the National SAR Manual has been provided;
drifting speeds for with drogue and without drogue are both
available.

b. Leeway speed can also be specified as a percent
of wind, in whole numbers, from 2% to 9%.

c. For each of the leeway velocities in b., a
deflection off the wind line of plus or minus some angle, in
tens of degrees, from 0 to 90 degrees, may be specified.

d. A minimum-maximum leeway speed option with the
minimum being 1% of the wind, and the maximum being some
whole number percent from 2% to 9% of wind speed, |Is
available.

e. No leeway at all (as in the case of a man in
the water or some other almost completely submerged object)
may be specified.

3. Adjustment of Input Data

a. Dates

17



All dates are converted from month and day to
jullan dates, to permit reference to weather data and
adjustment of the program "clock"”,

b. Latitude and Longltude

A1l initial positions are converted to FNWC
(i,)) coordinates.

c. Leeway Options

Leeway options are entered by means of o
two-diglt code, which |s converted to speed and direction of
drift within the prcgram,

d. Weather

Wind and current are provided In wunits of
cm,./seC. and are scaled In the program to nautical miles per
hour. They are further scaled to decimal fractions of the
FNC grid distance.

‘. Jlntarpalation of Msathar Data
8. Interpolation for Position

For each position In (i,)) coordinates there are
four nelighboring grid Intersections for which weather s
tobulated. (xample:

GRID POSITION: 138.0078?

Je19.01819
GRID POINTS: . (38,20) . (39,20)
. (38,19) . 039,19)

All weather dats are Interpolated linearly among

18
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these four nelghboring points. For example, If U Current at
00002 at grid points (i,j) is:
(38,20) = 50.0 (39,20) = 9.0
(38,19) = 42,0 (39,19) = &%0.0

then for 1«38, j=19.01413,

U Current = 82,0 ¢ 01813 x (50=-42) = 42,112

and for 139, a similar computation results In U
Current = 40.12717,

U Current for the position is then,

02,112 ¢ 00787 x (=1.,905) = 42,097 cn./sec.

b. Interpolation for Time

For each hour in the computation, there are two
observation times which are wused to supply weather datas:
00002 and 12002, one of which will be prior tu the hour, and
one which will be after the hour, A linecar interpolation for
noslition is done for each observation, and then these two
values are iInterpolated linearly for time, for example, If
the U Curr for 12002 is calculated as adbove and found to bde
37.2% cm,/sec., the interpolation for time |s accomp!i .’
as follows:

06.09 ¢ 9/12 x (=8,88) o 39 046 cm./sec.

¢c. The Clock

A complete set of interpolations |s done for
each position and for each weather parameter at the start of
the drift calculations, and each position is advanced for an

hour's worth nof agrife, This interval |Is used as a

19




compromise between accuracy requirements and computer time.
If an interval much smaller than one hour were used, a large
Increase Iin computer time would be required. A problem
which would take 20 seconds at one hour Intervals would cost
almost 20 minutes of computer time if one minute intervals
were used.

After the one hour's worth of drift is computed,
and the positions updated, the clock Is advanced one hour,
and the process |s repeated over and over until! the end of
the probiem,

5. Drifg Plotting
Orift calculations are applled to the (1,))
coordinates of the survivor craft plot., That (s, the
U-component of drift Is added to the "I" coordinate of the
survivor position and the V-component is added to the ")"
coordinate.
Example: The Interpolated values of current and

wind for 0900Z on 22 June are

Parameter om,./sec. miles/hour
U Curr * 39,0680 ¢ 766
V Curr ¢ 36.128 ¢ ,702
U Marine +250.78 N )
V Marline -350,25 -16,.55

the wind speed then nuals\/ﬁﬂ'ﬂb-”" ©17.25
nautical miles/hour, For a liferaft without drogue, this

wind speed produces & leeway of 0.9% miles per hour as

20




follows:

Leeway = ,226 x\/17.25 = 0,94

This formula is an approximation to the liferaft
drift table given in the Search and Rescue Manual.

Since arctan (4,87/-16.55) equals 163.6 degrees,
this angle is a measure of the wind angle (measured

clockwise from the vertical (in the FNWC system):

|

v |

|

N

If leeway deflection is specified by the user, it is

applied to this wind angle, before the U and V components of

leeway are calculated. The reduction of Leeway and wind

angle to U and V components Is as follows:

U Leeway = 0.94 x sin(163.6°) = 0.266

V Leeway = 0.94 x cos(163.6°) = -0.902

The leeway and current are applied to the position

21



as follows:

U v
Leeway . 266 -.902
Current 2166 7102

Total 1.032 -.200 knots
These values are then divided by the dlstance

between gridpoints, at this latitude = 235,37 miles:

.00439 -.00085
+ position 38,00787 19.01413
New Position 38.01226 19.01328 for 1000Z 22 June.

This process is repeated hour by hour until the last
datum has been calculated, drift plotting ceases, and
cailculations for position error and Search Radius begin,

6. Position Error
Just as In the manual method, the Initlal
position error of the survivor craft Is computed as follows:

x = distance of Initial (or distress) position from
last known position,

A = error of last known position

B = navigation error of survivor craft as a percent
of distance traveled

The inltia) position error , X, Is

X s A+ Bx

Since Y |Is the nav'igation error of the searcher,

and de Is the drift error, the Total Probable Error, c, of

22




Positlion Is
cC e \/l'o Y’o dc‘
7. Safsty factor

c, Total Probable Error of Position Is multipllied by

the safety factor to find the Search Radlus as prescribed In
the Search and Rescue Manual,
§. ASwesp Midth
A numerical spproximation to the date In
Richardson's Sweep Width tables (Ref. 8) may be seen to de:
W e =3,30377 o 1,25887 log (1) < 2,55802 log (V) o
.0102% n
where | Is boat length
Vis visidbliltity In miles, and
h Is search altitude In thousands of feet.

In addition, corrections to Sweep WIidth for
whitecaps based on wind speed (v) and cloud cover (C) can be
approzimated by:

Fl o 886 ¢ 298X - .116 X2 (whitecaps, X © v/10)
F2 = 1.131 - .472C ¢ .152¢? (cloud cover)

These correction factors are multipllied by W to
obtaln fina)l Sweep Width, This Sweep Width function |Is
spplicadble to small boots only. Mo Sweep Width for large

ships or for liferafts is availadble In the program,

€. VERSIONS OF THE PROGRANM

The Search Planning Program s written In FORTRAN IV for

23




use On & remote computer terminal. A second version s
written for wuse on the operations computer at Fleet
Numerical Weather Facllity. No remote terminal operation is
svelliasdle there, 30 these two versions are different In
seversl ways:
1. loeug-Qutout

a. The time sharing version I3 written for entry of
data by the search planner onto a8 remote console, and the
results are printed out I|(mmedliately on the same console.
This permits the planner to control the program during
execution, and to make intermediate decisions concerning the
problem, An ezample of the output of the time-sharing
version Is shown on the neat two pages. Note that Items
typed In by the wuser are shown In lower zase, and the
replies typed on the console dy the computer are In upper
case. The final output Incliudes sweep width, tota! prodadle
error of position, search radlius, and calculated wind.

>, The batch-processing version at FMMC differs
from this In that It requires cards to de punched for input,
ond the output Is orinted In messege form, resady for
tronsmission back to the requestor.

2. [Eaatuces Qmitted

For the operational version of the program ot Fleet
Numerical Weether Faclliity the following Items of output
shown on the sample time-sharing printout were not made

avalliabdle:
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$ sar
FXECUTION ®FR1*S, ..

MOANTIRFY SFARCH PLANMNI®E ORNOCC Y
FNTFR LFFYAY FANE ) RLANY, TuEN AFSCR)CT A
11 tiferaft
HORY HANY STARTINE BOAINTS HilL ®F FYTEPEND
1
LISY CHROSOINACICALLY: STARYIN. T IMeES tur AT INVS Y
ATAQINY MAD RIS "REOR Sy
220900z jun,\Ns? N0, N521%, Ow

6,0 N2.0 $? 1.0 rufce . » o

FUFPK, TYPF Y 0OR &

y
FNTER MUMNRER NP TIKFS NATI? 1S TN &F CAMITFN MONW:
?

FNTFR THESE NDIGS, FX:0209N0 MAR, 031N30 MAP

230100 jun,230700 jun

SEARCH 1, TRACK ), DATuw: 80 $N0.21 $1 51.96
SFARCH 2, TRAFK 1, NATUM: a0 53,26 S1 &y, 08
[NTFR LAST XNOWN POSITION, FX: 3522 0N, 07653.0wW
V100.0n,05400, Ow

1S LIFFRASTY

A (1)B0AY, (2)SHIP, OR (J)AIRCOAFTI(INTER ), 2,0RY)
1

FNTFR SEARCY UNIY FIiy FRQOR, v, €X: 5.0

5.0

INNDICATED DISTRESS CRAFT POSITIO FRONP X

No 165.00(1) o 0,15(2) T1eFS NIST, FR™ LAST «pOy™ POSITION,
ARY CORRFCTYIONSY (TYPF O,1,?, OR 12)

]

FNTIEN PARANTITIFR(]):

20,0

1€ FACU NATINY T M6 A NIEFIPrnY CrpaRfv (Y, 2 Y FYF, )Y
no

FNTFR SFAREH SO R FAROCEANSA0n TO NPT T (0eF

o0 |1 N STARCH:

1

oo Y 0 SFARCH:
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>0
THF COLLOYITA ARE THE NATIFE POISTS AR TWF
1.: N SFARCwY:

WN-50.2N $1-52.0w POS. FRROR: &1.8, RANINS:

WIND 34, 0KTS FOMWe 267,
SWEFP WINDTH? v 0OQ ¥

>y
FNTER SFARCY ALTITUNF (FX:800.)
y 1000,
ENTER VISIRILITY IN “11ES (FX:10.0)
y 20,0
ENTER ROAY LENGTH N FFEY  (FX:36.0)
> 10.
FNTER CLOUD COVER IN FRACTION (FX: 0.9)
»0.1
SWEEP HINTHe 6.6 MILES,

THE FOLLOWING ARE THE NATLt POINTS FOR THF
7: 0 SEARC:

60-53, 3w S1-00, 0w POS. ERROR: 41,9, RANIUS:

WIND 34, 0KTS  FRN 267,
GOON LUCK ON YOUR SFARFUY (| FY MF <NOW 1F YO FImN
THELIFFRAFY

I8C0021 STNP A
Q; Tel, 00/2.07 13,11, 0

Note: Imputs marked with *)"

AR D MILFES;

N.N MILES;




a. Printout of Intermediate track positions (SEARCH
1, TRACK 1, etc.) |s not produced.
b. On scene Wind
Since the wind oprintout as shown In the sample
time-sharing output |ls only the wind velocity and direction
at the bdeginning of the search, and may not be
representative of the average weather conditlions throughout
the search, this value Is not included.
€. Sweep Wlidth
Since the the computation of sweep wlidth
requires data which may not bde Immediately available to the
search planner at the time of his request, and since the
formula applles only to small boats, this feature was not
included in the Fleet Numerical verslion,
d. leeway
For the Fleet Numerical version, leeway Is
calculated as descrided In D.2. The time sharing verslion
uses & sqQuare root function for al)l leeway. If N Is the
percentage drift speciflied (13 to 9%), the leeway function
in the time sharing version Is
Lot war = 1"5\/ WO (3)
This function produces l'eewsy which |s equal to
N} of the wind for wind speeds of 16.0 knots. For other
wind velocities the function follows the general contour of
the 1iferaft leeway (without drogue) tadle In the Search and

- @
Rescue Manual.
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101, SEARCH THEORY

In part (1]l the method of estimating the position of the
search object and the rules for determining the size of the
search area were 1iscussed. This Is only part of the search
planning process; this section will consider Mhow resources
are assigned to the search, and how the effectiveness of the
search |s measured.

In a search pattern employing parallel! sweeps, the
distance between these sweeps s called track spacing, S.
The Search and Rescue Manua! recommends that for urgent
cases the track spacing used be equal to the Sweep Width, W,
and for less urgent cases It be equal! to twice the Sweep
Width, Once the value of track spacing has been declded
vpon, the amount of searching required (in miles flown) L

con be computed from S and the ares A to be searched:
L = A/S
The measure of effectiveness of a search which s glven
In the Search and Rescue Manual s called Probabdllity of

Detection, and It |Is presented as o serles of curves plotted

sgelingt “coverage factor” or W/S. These curves are called




“first search", "second search”, etc., orodbadbilities. If p
is the prodbabllity of detection in the first search curve,

the prodabllities 2,..n..5 are given by

[ 4]
p =1 <« (1 - p)

These curves do not take into account the size of the
area searched, however, 30 that a search can dbe conducted In
a very smal) areas using a high coverage factor which wil)
vleld a very high prodability of detection according to the
graph. Common sense indicstes that to confine the search to
a very smal) ared will prodbadbly not result In the detection
of the target. Nowhere does the Search and Rescue Manual
define the prodablliity that the target is (n the search
ares.

The adsence of the treatment of this seemingly critica!l
factor led the author to o review of the field of search
theory as It applies to survivor search.

The basis for most of the search planning criteria In
the Natlonal Search and Rescue Manual was found In Koopmen's
(1900) work, Sgarch and Scrasning (Ref. 2). This treatise
developed the concept of sweep width, and found the

prodadility of detection for various situations.

A. DOETECTION LAWS
1. Jlnataniansous Probabllity of Detection
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IfYis defined so that the probability of detecting
a target In a short period of time dt is Ydt, then the
quantity Y is called the instantaneous probability density
of detection, wWhen the searching is done during a time t

under constant conditions, the probadility p(t) of detection

is glven dy
-yt

(()t | = «
f (s)

Ssarch and Scregning developed this aquantity for
various situations.
8. Definite Range Low
This law assumes that there s & certain range R
from the observer beyond which It Is impossible to detect
the target; inslde this range detection Is certain,
Instantaneous prodbablility of detection by this law Is

\(f) - TER

(%)
Ytr) « 0 >R

b. (nverse Cubde Low

The Inverse cube law s the result of making the

following assumptions:
(1) The observer (s at an altitude h adbove the

ocean,
(2) The observer d. ‘ects the target bdy secing

(3) The Instanteneocus probabdllity of detection




is proporticnal to the solid angle subtended at the polnt of

observation by the wake.

The calculation of the solid angle Is shown In

flgure 2.

Figure 2. Calculation of Solid Angle

Solid Angle = > &3
o= Cfs ) 12 - b /s

but ¢/ = h/s

thus ¢ = ah/s

. 3 6, 1+h2->l
Solid Angle = abh/s” = abth/(r

Since Y was assumed to be proportional to the

solid angle, Kk h
Y et

where k Included all factors such as

meteorological visibility, etc.
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Assuming further that in the majority of cases r

is much larger than h, then
“n

\‘.; ) 3
2. Lateral Range

When the observer and the target are on thelr

straight courses at constant speeds for a long time before
and after thelr closest point of approach the probability of
detection may be shown to be a function only of the distance
at closest point of approach. This distance is called the
lateral range, and 1is denoted as x. This probabllity of
detectlon, p(x), plotted against 1lateral range, 1Is called
the lateral range curve.

Twice the area under the 1lateral range curve s

defined as effectlve search width (or Sweep Width),

Tron

W:, l F(x) dx (6)

(o)

Koopman shows that:

"The effective search width 1Is twice the
range of a definite range law of detection
which |Is equivalent to the given law of
detection in the sense that each of the two
laws detects the same number of uniformly

distributed targets of identical veloclty.,”"
Thus, for the definite range law of detection p(x) =
1 If x{ R, and p(x) = 0 If x > R, so that W = 2R, To find W

for the inverse cube law, flrst p(x) may be shown to be




_ 2kh
w"-
px) = | — ¢ (7)
where w is searcher's speed.
From (6), 2 kh
W e - WXT
o (8)
- B 20 k | (9)
w
3. Random Search

To find the probability of detecting a target known

to be in an area A, where both searcher and target are

moving over the ocean In complicated paths, the slituation

called random sSearch may be considered. This requires

following assumptions:

the

a. The target's position is uniformly distributed

in A, given it has not been detected

b. The observer's path is random in A in the sense

that It can be thought of as having its different (not toc

near) portions placed independently of one another in A,
C. Wis small with respect to the area A,

If the searcher's path, of length L, can be

considered to be composed of n separate and equal portions

of length L/n, then the probability that the target be

detected in any one path is WL/nA.

The probability that the




N . P S it STt s
-
.

target not be detected at all, then is

W L
pe | o= (- ,;7)
(10)
and for large n,
- WL/A
p=]-¢ (11)

This Is the formula of random search.
4. Parajlel Sweeps
The most common method of non-random searching is
one which uses a series of straight paralle! sweeps a

distance S (or track spacing) apart, where the position of

the target is fixed with relation to the sweeps. Let the
target be wuniformly distributed Iin an area of size A,
Search and Screening gives the following result for P(L),
the probability of detecting with path length L=A/S,

(1) Definlite Range Law
I Since detection will surely occur if the target
Is within the detection range W/2, then the probabllity of

detection Is equal to the coverage factor W/S,

Thus,
} p= WL /A L< A/W
| F.-.— ‘ L_>“/W (12)
' (2) Inverse Cube Law
Ty 1m J W_l-_)
f=€r‘( S >=€H(2 A (13)




(3) Uniform Random Search

From (11),
— Ao/ A
': |} — @
or when Sel/A,
~-W/73
g ) - £ (1s)

The three prodbabllities using paralliel sweeps

are shown in Flgure ).

pefiniTE RAnpE -;*w

et

RANDOM JRAR:

iy (Ul Aw

w/S

Flgure 3. Prodadllity of Detection

8. DOISTRIBUYTION OF SEARCH EFFORT
1. fsnsaral
Another result in Sgarch and Scresning Involves the

definition of search effort density as & function of (a,y)
In A,

If B Ils the area of a subdreglon In A, and L |s the

b1




length ¢° “e observer's path in B, then the exp-ession L /8

is definesd to be the observer's Lrack density in B, As 8
becomes very small (approaches a point (ax,y)) the search

density ( (x,y) Is the limit of WL /8, or Wi(a,y), where

/7!(;,y)a.a, = L (15)
and”

}{q'(-,y)duiy: wL =E (e

A

Thus If (a,y) Is applied at (a,y), the prodbadility

of detecting a target located there is
- “1(‘,Y)
’ -
(17)

Glven the search density function ¢ (a,y) and the

target's distridbution pl(a,y), the provadbility of detecting

the target |s -¢(s,v)
—_— g 1
ple) - 4/”“'7“ ) == Jaady (e

The ¢ (x,y) which maanimizes Pl ¢y ) s shown by

Koopman to bde
ris,y)

¢('/)'); {og ~

(19)
when (a,y) ls In A, and
((ry) - 0 (20)
when (a,y) s mot In A,
where A denotes that portion of A In which the
expression (‘9 ) 1Is non-negative. The value of b s

determined by using equation (16).
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2. Normal Target Distribution

If the target's digstribution is a bivariate clrcular

normal distribdbution about a point(0,0) In a

cartesian
coordinate system, -t
l - E‘ I (3
p('iy);z'al t ) r‘= ] 'y
(21)
then the search effort density which maximizes P( Q)
is
3 'S
a’ -r
¢'(‘;7) = 2 o r <k
(22)
and
@s,y) =0 F o
(2%)

Thus letting @ be the radius r at which opla,y)

assumes the critica! value b,

A(,‘Tru.‘lb:z—‘,;.c E (n)
where

a - [4—",,——5]* (25)

The form of this equation Is an inverted parabdbols of

revolution with Its center at (0,0) with s manimum value of

a*/20t.
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IV, THF UNIFQOP2 CTOVERAGE SQUARE SEARCH

Although ( 19 ) glives the “optimum™ gsearch effort
distridbution, this optimum distridution Is difficult to
achleve In practice. Flying In a large clrcular ares with o
continuously varying effort is no simple navigational task,
Much easler (s the common practice of (1) defining a square
area with its center at the center of the target's
distridution and (2) conducting a regular search of uniform
density throughout this area. |f the target 1|Is mnot found,
then (%) the area |Is expanded and the search repedted.
Although a8 single search of this type does mot conform to
the parabolic optimum search effort Jistridution, a serles
of them, each larger than the one bdefore, may be & very good
spoproximation,

The most Important advantage of this plan Is its ease
of navigation, allowing the pilot(s) free time to look for

the target.

A, THE PROSBLEM
The oprodblem was to determine the optimum slize of o

square ared within which a8 uniform gsearch with parallie!

sweeps is to be conducted.

1 |




8. TERMS

The terms and definitlons in the Search and Rescue
Manual differ from those I[n Search and Screening. In the
Search and Rescue Manual, probdadility of detection Iis used
only for the prodablillity of detection with parallel sweeps,
(glven & wuniform target distridbution within the search
area). In order to avoid confusion, the following terms are

deflned:

P - Probabdllity of Success - The probablility that on a
glven search the target wil)
be found.

o - Location Prodabliity - The prodability that a target
is within a speclifled area.

d - Probdadllity of Detectlion - The probdbadllity of
detecting e unlformly
distridbuted terget glven
paralle! sweeps.

W - Sweep Width - The effective search wlidth of the
searcher; the ares under the
lateral range curve.

S - Track Spacing - The mean dlistance between adjacent
paralle! sweeps of the
searcher,

L = Path Length - The total number of miles flown by the
sedrcher within the search
area,

¢ = Probadble Error of Position - Probable error of the
target's position from datum;
glven & normal dlistributlion,
c*l.18 = standard deviation of
the target's distridbutlion,

R =« Search Radlus  The search radlus |Is deflned as
one-half the side of a square
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search area.

C. THE SOLUTION
1. lhs Qbjective
The odjective Is to maximize the Prodadillity of
Success P, where the detection function for a uniformly
distributed target known to be in the area Is defined as

d(M,L,R,x,y), P |ls expressed as
/..r""r.z"' >

P(w,l,C'R)& P“,Y)“(WIL)Q,‘,))dld,

For a uniform search, the probadllity of detection Is
constant and equal to d(wW,L,R) Inside the search area A, and
is zero outside, (glven uniform vigidllity and other

factors), and so d(W,L,R) can come out of the Integral:

Pw,L,c,R)» d(w,L,R) p(l,y)dsdy

A
it |ls convenlent to choose = and y as distances In a

carteslan coordinate system with the target's most llkely

poslition (datum) at (0,0).

2. fLalculation of Individual Isrma

Sased on the Inverse cudbe law for paralle! sweeps,

(1)




xoopman derives the following expression for probabdllity of

detection, from (13):

w
J(s) - ert (iiﬁ' «T)

where $ ¢ A/L = (2R {IL.
This Is equivalent to the “Flirst Search™ prodadllity of
detection glven In the Natlonal Search and Rescue Manual,
The location prodbabdllity, p, Is glven by the formule

for the clrcular bivariate normal distribution:

. i ')’." .
// .ty
R . iet
p (R ey L2 da dy
I’ys - R

Where R deflines & square centered at (0,0) with sldes
o2R,

Figure ¢ s a graph of this function, along with
similar curve showing the cumulative probdabllity for o
clrelg with radius R, Since the square area s actually
larger it s clrcumscribed abdout the clircle) its
prodabdl ity for any radlus R (s greater. However, If these
cumylative probadbilities are plotted against the araa of
the search, the prodadblliity for o square will bde slightly
less than for a clrcle (see fligure 5). Although there is
some loss of efficlency In searching & square Instead of o

clrcle, this loss |Is very minimal, about 1%.
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NOTIE: Although the standard deviation Is the commonly
accepted measure of variability, the National Search and
Rescue Manual wuses the term, '"Total Probable Error of
Position'. 11ts value Is computed using estimates for drift
error, target's position error, and search craft navigation
error, These errors are squared and added, and then a
square root Is taken to produce Total Probable Error. This
term Is not specifically defined in that publication, so
that one of the objectives of this solution was to
demonstrate that It |s equivalent to the statistically
well-defined term 'Probable Error', which Is a median error:
that (s, half of all errors have absolute values greater
than that error, and half have absolute values which are
smaller, The absence of this definlition is @ gap In the
present search planning process, because planners are called
uponh to make estimates of errors without knowing how these
errors are defined.
3. lha Genaral Solution

To determine the optimum size for a square search,
glven & certalin amount of searching miles avalladle (L),
sweep width (W), and prodadllity distridbition (p(x,y)), @
straightforward maximization method Is employed In the
following sequence:

8. Determing total effort, €.

€oual

L 1)




-

b. Choose some arblitrary initial search radius, x.
¢c. Determine the search area, A, for this x:
A-hxz'
d. Determine effort density for a uniform search:
v.v_,u.(=vv)
A s
e. Determine probability of detectior d from (:3).

f. Determine the probabllity p from (2, with R =

g. Determine the probabillity of success,
P(x) = p(x)d(x).

h. Increase x by Ax and repeat calculations. |If
P(x) increases, continue adding Ax wuntil a local! maximum is
encountered. If P(x) decreases Initially, reduce x by 2Ax
and continue subtracting Ax wuntil a 1local maximum s
reached.

Since a cumulative probability distribution |Is
continuous and has a slope throughout Its range of > 0, and
since the probability of detection function d(x) s
continuous with a slope of < 0, the function P(x) = p(x)d(x)
can be shown to be unimodal, and so a local maximum in P(x)

wil)l be an absolute maximum,

. Application

The flirst use of this method was to check the
National Search and Rescue Manual's recommended search
planning guidelines to see if they produce square searches

of optimum sizes. These guidelines are given in the form of

us
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'Safety Factors', or search radii, for repeated searches, as

multiples of Total Probable Error of Position, e.g.,

Search Safety Factor
1 1.1
2 1.6
3 2.0
4 2.3
5 2.5

As far as effort density 1is concerned, there are two
recommendations given in the SAR Manual, One is for a track
spacing equal to sweep width, for urgent cases, and the
other for a track spacing equal to twice the sweep width,
for less urgent searches. Both of these recommendations
were tested,

The approach used was:
a. Set some arbitrary value for W
b. Set S=W so that WL/A. =1,
38 Find R from "safety factor'" table for the
appropriate search (starting at 1),
d. Find path length, L:
L = 'ﬁ—gl
S
e, Beginning at x = R, and wlith W and L above, use

the general solution process described 1In paragraph 3. to
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find x', the optimum search radius for that path length,

f. Assuming that the gptinagl search Is executed
unsuccessfully, reevaluate the target's distribution p(x)
(see Para, 5.) and repeat the process from c¢. above. After
flve successive searches have been computed, stop the
computation,

g. Compare the resulting five optimum sizes with
the sizes recommended in the Safety Factor table from the
Search and Rescue Manual,

5. Bayeslan Analysis

Bayes' Law of Probablility says that an estimate of
the probablility of a hypothesis can and should be revised on
the basis of the outcome of a related event., In the case of
search theory, the hypothesis Is that the target Is inslde a
given area. A search |s conducted, and the event Is elther
the detection or the non-detection of the target. This
event should revise the Initial estimate of the probability
that the target was in the area. Of course, [f the event is
detection, the new probability that the target Is In the
area is 1, If the event Is non-detection, then Bayes’
formula must be used to calculate the new probability.

1. Example

The probability that a target is in a certain search
area has been determined to be 50%, and a search s
conducted In this area with a uniform probability of

detection of 50%. The resulting probability cf success is .5
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x .5 = .25 or 25%.

For the use of Bayes' formula, the following terms

are defined:

A The hypothesis that the target is [n the
area,

K The hypothesis that the target is nn% in
the area.

D The event of detectior,

0 The event of non-detectlon,

Then
P(A)'I' U"A)
p(HD) S

PR pLoin) vplB) p(DIA)

When the target Is detected:

P(ﬂ")) = .5 ~ 0> _ _ |.0
O; A O_S- ?c.‘) AO-(‘

as expected, I|f the target |s not detected, the new

probability would be
p(A) - p(D1A)

((“B) =

p(A)-p(DIA) +pP(A) p(BIR)




Whereas the target had a 50% a priori probability of
being in the search area, its new, or 3 posteriori
prooability of being in the area is 33.3%.

For the solution in paragraph 4., the entire
probability distribution of the search object was
reevaluated between successive searches, This was done for
p(x) inside the search area by

p(x)li-a)
(v — pR)d) (26)

p/(x) =

and for p(x) outside the search area by

(p(x) —p@I(R)) /
(1 — pR) ) R (27)

pl(x) =

where R is the radius of the search conducted.

In order to illustrate the general form of the
probabillty distributions between searches, a function was
used which is similar to a density function. This function,
f(x) was defined to be

£ o) ( d(:,‘(x)))(g', )
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