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ABSTRACT 

A computer program Is presented which solves the search 

planning problem for survivors at sea. The program is 

designed to utilize weather data as complied by the United 

States Navy at its Fleet Numerical Weather Centra^ 

Monterey/ California, 

An Investigation Is also made Into the search criteria 

used by the United States Coast Guard In Its planning 

procedures. Guidelines are given 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 a~ the process of plannlna 

and executlna a search for survivors at sea, and the Coast 

Guard usually accomplishes this In the followlna steps: 

1. Initial Nptlflcatign 

This staae Involves aatherlna all available data 

about persons or craft In distress, lncludlna 

characteristics of the s~rvlvor craft, number of survivors, 

etc. 

2. Initial Distress Pgsltion 

In this staae, the search planner puts toaether all the 

available data concernlna the survivor and makes a judaement 

as to what the most likely po£1tlon of the survivor was at 

the time the craft seased operatlna normally. 

3. Drift Calcylatlgns 

The survivor's suspected motion •~ plotted assumlna 

drift In the open ocean, and a position Is calculated for 

some future time, usually the planned tealnnlna of search 

efforts. 

4. Calcylatlgn gf the Area tg be Searched 

An estimate Is made of the accuracy of the 

survivor's position as calculated In step 3 and the accuracy 

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

5 



r ii i 

Search Area, Is defined based on these errors. 

5.   AllocatlQn of Search Vnlts 

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. Execution of the Search 

Searching Is accomplished according to several 

established search patterns, most of which are different 

arrangements of a series of parallel paths within the Search 

Area. 

7. Termination of the Search 

Either the survivors are located or, after a certain 

amount of searching Is completed without success, the search 

Is terminated. This stage Includes reports, and the 

evaluation 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 5 through 8 of this 

manual contain the Instructions for planning and conducting 

a search for survivors at sea. 



C.     PURPOSE 

This  thesis accomplishes two things: 

1. Provides a computerized solution to step 3 of the 

search planning process/ calculating survivor craft drift, 

and 

2. Investigates the criteria used for allocation of 

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

It is intended that the results be understood by the 

search planner,   so  that   they may be of some use  co him. 



II. THE SEARCH PLANNING PROGRAM 

A. OBJECTIVE 

The major objective In designing a computer program for 

search planning was to have a fast, accurate means of 

obtaining an estimate of a survivor's oceanic position at 

the time of the beginning of a search. 

B. THE MANUAL METHOD 

In order to understand the program. It Is first 

necessary to understand how drift plotting Is done manually. 

1. EfiflmPlB 

A fishing vessel Is believed to have sunk at 

latitude i»0-i>2.0N, and longitude 52-13.OW, at 0900z on 22 

June« The probable error of this position Is estimated to 

be 30 tnlles. Although the standard measure of variability Is 

the standard deviation, all error estimates made In the 

search planning process are In terms of probable error. It 

will be demonstrated that this error Is defined by the 

statistical term, "probable error". Survivors are believed 

to be In rubber rafts. 

The proper Coast Guard authorities are notified at 



2100Z on 22 June, and a search p'ane has been dispatched. It 

is due to arrive on the scene at 010QZ 23 June. The 

aircraft's navigation error (again a probable error) is 

estimated to be 10 mile:*. 

2. Gathering Oata 

The first tas't of the search planner Is to estimate 

wind, wind current, and sea current at the position of the 

sinking. Mind Is obtained from observations, weather maps. 

Navy Fleet weather services, or the U.S. Weather Bureau, 

whichever Is available. Wind current is computed from the 

wind by means of a graph given In the National Search and 

Rescue Manual. Average Sea Current is obtained from ocean 

current charts or pilot charts. These sources for average 

sea current are compiled from observations made over several 

years. (Y^us this data may not be accurate for the time and 

place of cencern, but so far they have been the only data 

available to t4>o search planner.) 

3. Drift tUllini 

a. Leeway 

Leeway Is the notion of the survivor craft caused by 

wind. For the example "rase of a life; aft, two graphs era 

provided In the SAR Manual for computing ^eeway. On« graph 

Is for when a drogue is attached to the ratt (a drogue is a 

type of sea anchor designed to retard llferaf't leeway) and 

the other Is for when a drogue Is .it attached, if it y% not 

known whether a drogue is attache...  both crmdit^ns  are 



considered   separately. 

b.     Total   Drift 

Once leeway, wind current, and average sea scurrent 

have been determined, they are added vector lally to produce 

total 1Iferaft drift. 

Ic'i'ji fr*'r > 

This calculation can be done for intervals of any 

length - one hour, three hours, twelve hours - but the 

Interval most commonly used Is the Interval between wind 

observations. That Is if wind Is available for 0900Z, 1200Z, 

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 

1 Iferaft Is calculated to be «»0-58.ON, 51-55.0W, and the 

drift error Is U.O miles. 

c. Mlnlmax Plotting 

If It Is unknown whether a drogue was In use, 

two plots are made, and the final ("datum") position Is 

defined to be midway between the two positions calculated. 

10 



The drift error Is a function of the two calculated drift 

errors and the d:stance between the two positions. This 

process of plottln& two positions Is called Minimax plottln& 

In the SAR Manual. 

d. Error of Posltlo~ 

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 Initial position of survivor craft 

Y • navl&atlon error of search craft 

c V de 1 
.- X J. ~ Y l. 

For the example, c• J16+100+900 •Jliii • 31.9 miles. 

e. Safety Factor . 
To determine the size of the area to be 

searched, a search "radius", R Is found by multlplyln& c by 

a safet1 factor, dependln& on which search In a sequence Is 

beln& planned. For searches one throuah five, the respective 

safet1 factors are 1.1, 1.1, 2.0, 2.3, and 2.5. The ex8mple 

of the sunken flshln& boat Is a first search, so R • 1.1 x 

1~.7 • 16.2 miles. 

The area to be searched, then, Is a square with 

sides • 2xR, centered ~n datum: 

11 



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 meteorologlcül visibility. The sweep width 

thus obtained is corrected for the effect of sea state by 

multiplying by a "whitecap correction factor** which is 

tabulated for various wind speeds. 

C.  THE COMPUTER PROGRAM 

1. QhfetU« 

The computer program accomplishes the objective of 

providing an estimate of the survivor's position by 

automating the steps of  the manual method of drift  plotting. 

2. IjHgfil of MmMthmr  Omtm 

In choosing a source of weather data for the computer 

progrem« three criteria were considered: a. availability« b. 

computer access tl«*« and c. accuracy. The final selection 

for data source was the Navy fleet Numerical Weather 

Central« Monterey. 

a. Aval lab IIty 

nine Neither data Is compiled twice dally« at 

12 



OOOOZ and 1200Z, and Is dlr~ctly available, either by data 

link or, for testln& purposes, on magnetic taoe. For use 

with this proaram, the data Is stacked chronoloalcally or a 

master tape. 

b. Computer Access Time 

With the exception of the mountlna of the master 

weather tape, all weather data handlln& Is eliminated. 

Access speed, then, Is limited only by the speed of the tape 

trans~rt. 

c. Accuracy 

Althouah the data used Is Intended for wide area 

coverace, Its probable error Is less than the probable error 

assumed when computln& drift error (12.5t). Althouah there 

will be occ~slons when local weather r~ports are available 

and may be more accurate, the bulk of search plannln& Is 

done under conditions of Incomplete weather analysts and 

forecasts, and when aross estimates must be made. Since the 

weather analyses for a particular time period and 

ceoaraphlcal location, once assembled for this proaram, are 

fixed parameters, repeated computations of the same search 

problem will always produce Identical answers. This permits 

a rlaorous evaluation of the data, methods, and assumptions 

used In search plannln& by a systematic testln& procedure. 

3. Qata Qcscrlptlon 

The weather data 

ceoaraphlcal points In the 

are produced by FNWC for 3,969 

northern hemisphere. These data 

13 



points are intersections of a 63 X 65 square grid 

superimposed an a polar stereographic nap projection. Grid 

point (32,52) Is at the north pole« and the vertical line 

(i'52) is coincidental with the 10 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 is true at 

60 degrees North Latitude. Conversion from latitude (L) and 

longitude (*) to grid coordinates is accomplished by the 

following formulas: 

/ . 3^ - 31 20'J   LlÜakl   C^(*-.C*) (1) 

I   fc i^ - il 2CS-   (/ ->.^L 1 
5i« (X • M ) (2) 

For the eaanpSe. I • 51.001« and J • 19.0U5. 

The date It stored In "fields'* of 5#969 words 

(nwafcert), each word being soae component of atmospheric or 

oceanic conditions at Its corresponding (i#j) grid position. 

The fields required for direct Input to this program are: 

U 



Figure  1.   Portion of  Polar  SCtreographic   Projection Showing 
FNHC  (l,j)   Coordinates 



U Curr u- component of surface current 

V Curr V- component of surface current 

U Marine U- component of surface wind 

V Marine V- component of surface wind 

where the U direction is parallel to the "I" or 

horltontal aals and the V direction I« parallel to the "J" 

or vertical aalt« in the FNWC »rid system. 

The Current information as provided by FNMC is total 

surface current« including wind current. 

Fleet Numerical did not regularly produce U Marine 

and V Marine wind fields, so these fields are computed by a 

separate computer program provided by the Meather facility 

using the following data fields as input: 

0 1000       Melght of the iOOO-mb preesure line 

T Air       Air temperature at the surface 

T Sea       Sea temperature at the surface 

0.  CALCULATING Oil FT WITN TNC COMPUTER 

1.  L—»a» 

In addition to the llferaft drift tables given in 

the Search and Rescue manual« there are other ways to 

predict the leeway of a survivor craft. Most of these 

methods involve using a percent of  the wind speed to 

U 



determine the leeway speed, ~n d some deflection In degrees 

to determine the direction of leeway off the wind line. For 

examnle, 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 llferaft 

drift table from the SAR Manual, several options are 

available to the user of this computer program. 

l. Options for leewav 

a. A function approximating the llferaft drift 

tables In the National SAR Manual has been provided; 

drifting speeds for~ drocue and without drocue 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 dearees, 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 9t of wind speed, Is 

available. 

e. No leeway at all Cas In the case of a man In 

the water or some other almost completely submerged object) 

may be specified. 

3. Adjustment of Input Qata 

a. Dates 

17 



All dates are converted from month and day to 

Julian dates« to permit reference to weather data and 

adjustment of the procram "clock". 

b. Latitude and Longitude 

All Initial positions are converted to FNWC 

(l,J) coordinates. 

c. Leeway Options 

Leeway options are entered by means of J 

two-digit cede« which Is converted to speed and direction of 

drift within  the program. 

d. Meather 

Wind and current are provided In units of 

cm./sec. and are scaled In the program to nautical mltes per 

hour. They are further scaled to decimal fractions of Che 

FHtfC grid distance. 

t.   mtirafllnlQii af Mtithtr Biti 
a.  Interpolation for Position 

for each position In (l,J) coordinates there are 

four neighboring grid Intersections for which weather Is 

tabulated,  faamole: 

MIO POSITIONi  l*SI.00717 

J*19.01%1S 

MIO POINTSt   .  (Sl#}0)       .  (Sf#20) 

.  (Sl#19)       .  (S9,lf) 

All weather data are Interpolated linearly among 

II 



these  four  neighboring  points.     F >r   example.   If  U Current   at 

0000Z  at grid points  (i,j)   Is: 

(51,20)   •  SO.O (19,20)   -   1.9.0 

(51,19)   ■  %?.0 (59,19)   •   «0.0 

then  for   1-51,   j-19.01%15, 

U Current • «2.0 * .0U15 ■ (SO-W?) > «2.111 

end for l"59, a similar computation results In U 

Current • «0.12717. 

U Current for the position Is then, 

«2.112 • .00717 i (-1.91$) • «7.097 cn./sec. 

b. Interpolation for Time 

For each hour in the computation, there are two 

observation times which are used to supply weather data: 

00007 and 1200Z, one of which «ill be prior tu the hour, and 

one which will be jfter the hour. A line.ir interpolation for 

»ovltlon it done for each observation, and then these two 

values are interpolated linearly for time. Tor eiample, if 

the U Curr for 1200Z Is calculated as above and found to be 

57.2S cm./tec, the Interpolation for time it accompli .* 

as follows: 

«•.09 • 9/12 ■ (-•.•«) • 59.«f cm./tec. 

c. The Clock 

A  complete tet of interpolatlont  it done  for 

each petition and for each weather parameter at the ttart of 

the drift celculatlont, and each potltlon Is advanced for an 

hour't worth  of  drift.   Thit   interval  It uted  at  a 
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compromise between accuracy requirements and computer time. 

If an Interval much smaller than one hour were used« a large 

Increase In 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 Is repeated over and over until the end of 

the problem. 

S. Pflft PlflUlni 

Drift calculations are applied to the (i«J) 

coordinates of the survivor craft plot. That Is« the 

U-component of drift Is added to the "I" coordinate of the 

survivor position and the V-component Is added to the "J" 

coordinate. 

Csample: The Interpolated values of current and 

wind for 0900Z on 21 June ere 

Parameter      cm./sec.     miles/hour 

U Curr       ♦ Sf.kSO     ♦ .711 

V Curr       ♦ St.121     ♦ .702 

U Marine     ♦2S0.7I      ♦ k.17 

V Marine     -110.2$      -IJkIS  

the wind  speed then  equals v/f.sA^-55*" «17.2$ 

nautical ml lee/hour. For a llferaft without drogue, this 

wind speed produces a leeway of 0.9* miles per hour as 

20 



follows: 

Leeway • .226 x~ ~ 0.9~ 
This formula Is an approximation to the llferaft 

drift table given ln the Search and Re~cue Manual. 

Since arctan (4.87/-16.55) equals 163.6 degrees, 

thls angle Is a measure of the wind angle (measured 

clockwise from the vertical (In the FNWC system): 

If leeway deflection Is specified by the user, lt Is 

applied to this wind a~gle, before the U and V components of 

leeway are calculated. The reduction of Leeway and wlnd 

angle to U and V components ls 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 posltlon 

21 
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as follows: 

U V 

Leeway      .266 -.902 

Current     .766 .702 

Total      1.032 -.200 knots 

These values are then divided by the distance 

between gridpolnts,  at this latitude ■ 235.37 miles: 

.001139       -.00085 

♦ position  38.00787      19.01hl3 

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 

calculations for position error and Search Radius begin. 

6.    pgsUlon Error 

Just as In the manual method, the initial 

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 Initial position error , X« Is 

X - A ♦ B x 

Since Y Is the nav'gation error of the searcher« 

and de Is the drift error« the Total Probable Error« c« of 
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Position   Is 

C   •    \J] tf.   Y1*   dt* 

7. Siftti Ficior 

c. Total Probabl« Error of Position Is «iltlpllod by 

the safoty factor to find th« Starch Radius as proscrlbad In 

the Search and Rescue Manual. 

i. itta Midth 

A  nvwerlcal  appro« I «at Ion  to  th«  data  In 

Richardson's Sweep Width tables (Ref. %) «ay be seen to be: 

W - -S.5*577 * 1.25117  log (I) * l.ffbbt  lot (V) * 

.01025 h 

where I Is boat length 

V Is visibility In «lles# and 

h Is search altitude In thousands uf feet. 

In addition«  corrections to  Sweep width  for 

whltecaps based on wind speed (w) and cloud cover (C) can be 

appro«l«ated by: 

Fl • .116 * .2911 - .111 I1 (whltecaps« I • v/10) 

F2 • 1.151 - .bllC • .llfC1 (cloud cover) 

These correction factors are Multiplied by W to 

obtain final Sweep Width. This Sweep Width function Is 

applicable to »«all beats only. No Sweep Width for large 

ships or for llferefts is available In the program. 

r.  VERSIONS Of TNE PROGRAM 

The Search Planning Progra« Is written In FORTRAN IV for 
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us« on a  ranott computtr t«rain«l.  A second version  it 

«rlttvn  for  us« on  th« op«r«tions co«puC«r  «t  Floot 

MuM«rlc«l M««Ch«r Facility. Mo roaot« ttraln«! operation I« 

•v«ll«bl«  thtrt« so tK«s« two  v«rslons  «r« dlff«r«nt  In 

s«v«r«) ways: 

«. Th« tla« »baring »«rslon I* «rltt«n for «ntry of 

data by th« starch planner onto a raaot« consols« and tha 

result» are printed out Iwadiately on the saa« console. 

This «omits th« planner to control the prograai during 

eiecution« and to make inttrmodlate decisions concerning the 

problem. An esample of the output of the ti««-sharing 

version is shown on the neat two pages. Not« that lt«Ms 

typed in by th« us«r are shown in lower case« and the 

r«pli«s typ«d on the console by the computer are In upper 

case. Th« final output includos sw««p width« total probable 

error of position« search radius« and calculatad wind. 

b. Th« batch-procassing version at fNMC differ» 

fro« this In that It r«aulr«s cards to be punch«d for input« 

and th« output Is printed In ««ssaga for«« roady for 

trans«lsslon back to th« ro«u«stor. 

For til« «««rational version «f th« progr«« at fleet 

Ntfwlc«! M«athar Fad Illy th« following lt««s «f output 

shown on th« sa«ple ti««*th«rlng printout war« not ««da 

avallabl«: 

1% 
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rirriiTin»« »rr.i-s... 

fMir« irrw*Y ro»>r#  \ nut*,  rnrN nr^rRirTi'v* 

i*f»S MA«IY  '.TAPTiwr  pr>i»'T«;   will   •,«'   mrprri 
1 
IIST  f'»po^Pirmr*i i Y:   ^T^oTi^r   i |Mr^   ••">   f'-x; IT ir»'«;,   ri: 

''TO'HO?   M/iP#^»??.S»l,^»i»0*.SW 

rurr«.   Tt^r  v OP »♦ 
v 
rmfB miH^rt or TIMCS OATI»»  IS TO «r ro»TiiTrn NOW: 

? 
fNTf« TMfsr nins. r«:07n9'>n MAP,o»in^n MAP 
nQlOO   )un,nOTOP   Jun 
SfAI»rH   |#    mCK     1,   PATllf: %0   S0.71 SI   SI.96 
SrARfM   2#    TBAC«      l#   f>ATllM: %ft   S?.?6 SI   %%.p% 
fUTr«   IAST   «««OW»«   POSITI«»'.   fl:    JS?? . OW, 07bS » . 0« 
%inO.On#OS%00.0«i 
is i irrRArj 
A   (l)tOAT#    (nSMIP.   0«   mAI9fPArT?(r*TrB   l.?#0«S) 
1 
THlf*   SfAHf«  tlNlT   rijr   rRPOP,    Y.    fl:    S.O 
S.O 
iNOtrATrn nisTRfSS TRATT POSITIV rppor,i: 
»•   IS.nOd)   ♦     0.1M?)   TIM»S   OfST.   rp'V'   IAST   «HDW^   «OSITIO«. 
AWY   rORÄffTlOHS»   (TYPf   f»,l#?#    OB   1?) 
1 
ruTrp PAP»»«rTrp( i): 

IS   rA^M   OATlP«   T|Hf   A   nirrrpr^T   rr^pru   ( |# ?, S# fTt, ) ? 
no 
fNTriT   SfAPr»!   »Mt»«»rp   roPorsPO^ni»«^,   jo  nfTU»*   T|»«r. 
••  i n srAPr«: 
I 
• •7   0   SrAPf»«: 

?s 



> o 

I:     0  SFABCM: 
%0-50.?N 51-S7.0W POS.   rUPOB 

wiwn ik.%KTS    mow 267. 
swrrp Hif>TM?    Y na •« 
y 
fUTfR   SFABr»«  ALTlTlir   (FI:IOO.) 
1000. 
fNTfP   VISIBILITY   IM  MfieS   (ri:I0.0) 
20.0 
imt*   «OAT   LfHf.TH   IM  rrfT      (fltlf.O) 
10. 
rMTf« cioun rovr« IM ruACTioM cri: o.») 
o.i 
SWfFB HinTM« %.6  MM FS. 
TMf   rOHOMIMC   ABf   TMf   OATl^   BOIMTS   ro«   TMf 

7:     0  SfAHfM: 
kO-S5.)M $l-%k.n« »»OS.   fMOt:     ll.f,   BAniuS: 
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a. Printout of Intermediate track positions (SEARCH 

1, TRACK 1« etc.) Is not produced. 

b. On scene Wind 

Since the wind printout as shown In  the sa«plt 

t Inie-shar Inf output Is only the xlnd velocity and direction 

at  the beginning  of  the  search,  and  may not  bi 

representative of the average weather conditions throughout 

the search« this value Is not Included. 

c. Sweep width 

Since the the computation of sweep width 

requires data which «ay not be immediately available to the 

»earch planner at the time of his reouest# and since the 

formula applies only to sa»all boats« this feature was not 

Included In the Fleet Nuaerlcal version. 

d. Leeway 

For the fleet Wtaeerlcal version« leeway Is 

calculated as described In D.7. The tl«e sharing version 

uses a square root function for all leeway. If N Is the 

percentage drift specified (It to 9|)« the leeway function 

In the tl*e «harlng version Is 

This function produces leewey which Is equal to 

Nt of the wind for wind speeds of 11.0 knots. for other 

wind velocities the function follows the general contour of 

the Mferaft leewey (without drogue) table In the Search and 

Rescue Manuel. 
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III. SEARCH THEORY 

In p«rt III th« m«tho4 of •ttl««tlng tht position of th« 

»••rcH objoct and tho rulot for dtt«r«lnlng th« tli« of th« 

»•arch «ro« Mtr« 1l«cutt*d. This It only port of tht »oarcH 

planning procast; this tact Ion will consldar how ratourcat 

ara atnlgnad to tha taoreh« and how tha affact Ivanatt of tha 

«aarcK It «aaturad. 

In a taarch pattarn aMploying parallal t«aapt# tha 

dlttanca batwaan thata twaaot it call ad track tpacing# S. 

Tha Saarch «nd iatcua Manual racoawandt that for urgant 

catat tha track tpaclng utad ba aaual to tha Swaap Width« M# 

and for latt urgant catat it ba aaual to twlca th« Swaap 

width. Onca tha valua of track tpaclng hat baan dacidad 

upon, tha amount of taarching raauirad (In «Mat flown) L 

can ba coaputtd fro« S and tha araa A to ba taarchad: 

L • A/S 

Tha «aatura of affactlvanatt of a taarch which it givan 

In tha Saarch and Ratcua Manual It callad Probability of 

Oataction« and It It pratantad at a tar I at of curvat plot tad 

agalntt "covaraga factor** or W/S. Thata curvat ara callad 
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"first torch", Ns«cond t««rchM4 etc., prob«bi I it i«ft. if p 

it tht probability of dotoctlon in the first »««rch eurv«« 

th# probabilities 2#..n..S «rt givtn by 

p • I • (I - p/* 

Those curves do not take Into account the site of the 

area searched« however, so that a search can be conducted in 

a very SIMII area using a high coverage factor Mhlch «III 

yield a very high probability of detection according to the 

graph. CoavNon sense Indicates that to confine the search to 

a very s«all area «III probably not result in the detection 

of the target. Nowhere does the Search and Rescue Manual 

define the probability that the target Is In the search 

area. 

The absence of the treatment of this seemingly critical 

factor led the author to a review of the field of search 

theory as It applies to survivor search. 

The basis for most of the search planning criteria In 

the National Search and Rescue Nanual was found In Koopman'» 

UtSS) work. Search and IfiglüÜfll <■•'• '>• This treatls« 

developed the concept of sweep width, and found the 

probability of detection for various situations. 

A.  OITCCTION UMS 

1.       tMtMUaHHi   EcafcimiiJ  «f   Pwfgtinn 
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IfYis defined so th«t the probability of detecting 

a target in « short period of ti*« dt is ^dt, then the 

Quantity T is called the invtantaneous probability density 

of detection. Mhen the searching is done during a time t 

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

is given by 

f (t) . / - < 

' U) 

iaareh ^Ad |ft£Mflini developed this Quantity for 

various situations. 

a. Definite ftange Law 

This lew essuiees that there is a certain range R 

fro« the observer beyond which It Is laipostlble to detect 

the target;  inside this range detection  Is certain. 

Instantaneous probability of detection by this law is 

^ ir)    .k-      ^ S ^ 

X 10 - 0     r >K 

b. Inverse Cube Lew 

The Inverse cube law Is the result of Making the 

following es«u«pCiont: 

(1) The observer Is at an altitude h above the 

oceen. 

(2) The observer d% ects the target by seeing 

lit wane. 

()) The Instantaneous probability of detection 

50 



Is  proportional   to the solid angle subtended at  the point of 

observation by  the wake. 

The calculation of    the solid angle  Is    shown  In 

figure 2. 

sol Id angle« 

Figure 2.     Calculation of Solid Angle 

Sol id Angle - ^ S 

but     c/«-   - ^Z5 

thus    C  * <*-**/* * 

Solid Angle -    *0h/*3    *    a>V<rl*hi) 

Since y  was    assumed  to    be proportional     to  the 

k h 

where  k  Included  all   factors  such  as 

metcdrologlcal visibility, etc. 
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Assuming further that In the majority of cases r 

is much larger than h, then 

V - "TT 

2.  Lateral Range 

When the observer and the target are on their 

straight courses at constant speeds for a long time before 

and after their 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 Is denoted as x. This probability of 

detection, p(x), plotted against lateral range. Is called 

the lateral range £UJ^fi. 

Twice the area under the lateral range curve Is 

defined as effective search width (or Sweep Width), 
r cr> 

w- */   r (*)d; (6) 

O 

Koopman shows that: 

"The effective search width Is 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 velocity." 

Thus, for the definite range law of detection p(x) ■ 

1 If xi R, and p(x) - 0 If x > R, so that W - 2R. To find W 

for the Inverse cube law, first p(x) may be shown to be 
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2kh 

?Cx)^   j - c 

where w is searcher's speed. 

From (G), , k<i 

W =   I     i   - ^ 

(7) 

(8) 

3.    Ran^gm 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 situation 

called random search may be considered. This requires the 

followlng assumpt i ons: 

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 toe 

near) portions placed independently of one another in A. 

c. W Is small with respect to the area A. 

If the searcher's path, of length U 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 
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target not be detected at all, then is 

(10) 

and for large n, 
-WL/A 

p = ) - d (11) 

This Is the formula of random search. 

I».  Parallgl Sweeps 

The most common method of non-random searching is 

one which uses a series of straight parallel 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 uniformly distributed in 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)  Definite Range Law 

Since detection will surely occur If the target 

Is within the  detection range W/2, then  the probability of 

detection Is equal to the coverage factor W/S. 

Thus, 

=    WL/A LI   A/NV f 
p =      | L > A/w 

(2)     Inverse Cube Law 

j, . er{ (-|— )=  erl U     A j 

(12) 

(15) 
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(5)  Unifor« Random Search 

Fro« (II), 
— »W *_ / A 

f *  I —  * 

or whtn S»L/A, 

K   •  "  ^ (1%) 

Th« ehrt« probabilities utlng parallal  SWOOPS 

aro shown In Flgurt 5. 

P« 

v«/5 

Figur« ).  Probability of Ootoction 

I.  OISTRIIUTION OF SCARCH CFFOMT 

Anothor rosult in Saareh »nd icemmnlnm Involvo» fh« 

definition of search effort density as a function of («,y) 

In A. 

If • Is the area of a subreglon In A# and L  Is the 
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length c'  ve observer's path in S# then the eip'ession L /B 

is defined  to be the observer'^  track density in 8.   As 6 

becomes very  smell (approaches  a point  (««y)) the  search 

density < U#y) is the limit of WL /B, or MKa.y), »here 

// 
and 

/((/" (,y y.^^'^y -" WL = £ 
( 16) 

Thus If  U.y) is applied  at (i(y)« the probability 

of detecting a target located there is 

I     -   L 

( 17) 

Given the search density function »(■.») and  the 

target'» distribution p(afy)# the prooability of detecting 

the target Is . ^(,tV) 

(IS) 

The  , (».y)  which niaaiaiies P( y )  is  shown  by 

loopman to be 

f(i,Y) '   (*% 
(It) 

when (■«y) is In A, end 

f(*ty)'0 (20) 

when (ifV) Is not In A , 

where A denotes thet portion of A in which the 

eipresslon I >9 ) is non*negetIve. The value of b is 

determined by using equation (If). 
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2.     BftCMÜ  iMLMMX P'^^rlbutlon 

If   the target's distribution  is a bivarlat« circular 

normal     distribution    about  a     point(0#0)     In    a       cartesian 

coordinat«  systan, . 

r^'y^nT* € 
iaL 

l 4 * 
r    - *   * y 

(21) 

than tha search affort density Mhich «aalMlcas Hf) 

Is 

f>('>f) 2 o • r < u. 

(22) 

and 

01».y) * 0 r ^ «- 
(25) 

Thus lattint a ba th« radius r at ««hieb p(i#y) 

assi^nas tha critical value b«    k 

A^ • TT^ i   b . £7^. c'^* (2%) 

«here 

The for« of this equation is an inverted parabola of 

revolution with Its center at (0,0) with a «aalauai value of 

ai/2ci. 
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IV.  THf I'NIfOP" COVfRACE SQUARE SEARCH 

Although  ( 19 )  glv*»  th« Moptl«H^M  »»arch  tffort 

distribution«  tM»  optl'nuM distribution  I«  difficult  to 

acM«v« in pr«ctlc«.   flying In  « larc* circular «r«« «ItH A 

continuously va'yint «ffort  is  no simplt navigational task. 

Much aaslar I» tht common practica of (1) defining a sauart 

araa with  Its cantar  at   tHa cantar of  tha  targat's 

distribution and (?) conducting a ragular saarch of unifor« 

donslty throughout this araa.  if tha targat  is not found, 

than (5) tha araa  is aapandad and tha saarch rapaatad. 

Although a singla saarch of this  typa doas not  confor« to 

tha parabolic optimum saarch affort JlstrIbutionf  a sarias 

of tham, aach largar than tha ona bafora, «ay ba a vary good 

approalMtlon. 

Tha most Important advantaga of this plan is its aasa 

of navigation, allowing tha pllot(s) fraa tima to look for 

tha targat. 

A.  THE MOSLEM 

Tha problam «as to datarmlna tha optl«um sixa of a 

squara araa within which a uniform saarch with parallal 

swaaps Is to ba conduct ad. 
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1.  TERMS 

Th» frm%   and  definition»  in the   Search  «nd Rescue 

Manual differ froa those  In Search end Screening.  In the 

Search and Rescue Manual, probability of detection it used 

only for the probability of  detection with parallel sweep«« 

(given a unlfor« target distribution within  the search 

area).  In order to avoid confusion« the following ter«s are 

defIned: 

P  -  Probability    of  Success       •      The probability     that on  a 
given search    the target    «III 
be found. 

p •  Location Probability      •      The probability that a target 
Is within a specified area. 

d     -     Probability    of  Detection        • The    probability    of 
detecting a unifonaly 
distributed target        given 
parallel  sweeps. 

w -    Sweep width        -      The    effective search    width of    the 
searcher;   the    area under    the 
lateral   range curve. 

S  -  Track    Spacing The «ean    distance between adjacent 
parallel sweeps      of        the 
searcher. 

I   -   Rath  Length      -       The  total  nuwber of  wiles  flown by  the 
searcher    within       the    search 
area. 

c -  Probable    Error of  Position      •      Probable    error of  the 
target's  position     fro« datum; 
given    a    normal     distribution« 
c«l.ll  ■ standard deviation of 
the target's distribution. 

R    - Search    Radius      -    The    search    radius     is  defined    as 
one-half  the side    of a square 
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search «re«. 

C.  THE SOLUTION 

1.  Th« Qbi^gtlw 

The objective     is     to    iM«i«lte  th«    Probability    of 

Success     P#  where    the  detection    function     for  a    uniformly 

distributed target     know«   to    be  in  the    area   is    defined as 

d(W#L«R#M#y).    P  is eapressed as 

P(^M^) p«Vy ) J ^ W^L,^ ,*; y ) d» dy 

for a uniform search« the probability of detection is 

constant and eoual to d(W«L«R) inside the search area A, and 

it tare outside« (given uniform visibility and other 

factors)« and so d(W#L#R) can come out of the integral: 

pc^sc/£)m *(*>**>*}    pKy^'dy 

It is convenient to choose ■ and y as distances in a 

cartesian coordinate system with the target's most likely 

position (datum) at (0,0). 

2.      Calculatlan   of    InAlwl^ml   Imrm* 

•ased on the    Inverse cube  la« for    parallel  sweeps. 
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*oopm«n dtrlv«!  th«  following    taprtstlon  for  probability of 

dotoction,   fro« (i3): 

»h«rt  S   •  A/L   •   (}R   I/I. 

Thlt  It «aulvalofit   to   th« "first  Soorch**  probability of 

dotoctlon fivtn  in tH« National    Saarch and ■•«cot Manual. 

Tha  location probability«   p.   It  flvon by  tba foraula 

for   tha circular  blvarlata  nor«al  distribution: 

f(Ä^ 

J 
Mhora R daflnat    a tauara cantarad at     (0,0)  «ItH tldat 

>?R 

Figura k It a grapb of tMt function« along «ItK * 

tl«llar curva tbowlng tha cu«ul«tlva probability for a 

gird« wit* radlu« 0. Sinca tha tauara araa it actually 

largar (It It clrciaMcr Ibad «bout tha circla) Itt 

probability for any radlut ■ it graatar. Howavar« if thata 

cun«jlatlva probabl 111 lat ara plottad againtt tha g[Mä of 

tha taarch, tha probability for • tauara will ba tlightly 

latt than for a circla (taa figura S). Although thara it 

ftoaa lott of afficiancy In taarching « tauara inttaad of a 

circla, thit lott it vary ■Inim«!, about It. 
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NOTE: Althoufh the standard deviation Is the commonly 

accepted measure of variability/ the National Search and 

Rescue Manual uses the term, "Total Probable Error of 

Position", Its 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 Is equivalent to the statistically 

««ell-defined term 'Probable Error*, which is a median error: 

that It, half of all errors have absolute values greater 

then that error, and half have absolute values which are 

smaller. The absence of this definition Is a gap In the 

present search planning process, because planners ere called 

upon to «eke estimates of errors without knowing how these 

errors ere defined. 

J.  Tli^ ftjOttti ^»utlan 

To determine the optimum «lie for a square search, 

given a certain amount of searching miles available (L), 

sweep w14th (M), and probabllIty distribution (p(«,y)), a 

straightforward mealmlietlon method Is employed In the 

following sequence: 

a. Determine total effort, C. 

E*WaL 
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b. Choose some arbitrary initial search radius, x. 

c. Determine the search area. A, for this x: 

A » U x* 

d. Determine effort density for a uniform search: 

e. Determine probability of detection d from (3). 

f. Determine the probability p from (2».  with R « 

x. 

g.     Determine  the probability of  success, 

P(x)   - p{x)d(x). 

h. Increase x by Ax and repeat calculations. If 

P(x) increases, continue adding Ax until a local maximum Is 

encountered. If P(x) decreases initially, reduce x by 2Ax 

and continue subtracting Ax until a local maximum Is 

reached. 

Since a cumulative probability distribution Is 

continuous and has a slope throughout Its range of 2 0/ and 

since the probability of detection function d(x) Is 

continuous with a slope of < 0, the function P(x) ■ p(x)d(x) 

can be shown to be unlmodal, and so a local maximum in P(x) 

will be an absolute maximum. 

I».     Application 

The first 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 
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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 

k 2.5 

5                 2.5 

As rar as effort density is 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. 

c. Find  R from "safety  factor"  table for  the 

appropriate search (starting at 1). 

d. Find path length, L: 

u 5 

e. Beginning at x • R,   and    with W and L above,   use 

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

f. Assuming that the oot imal search is executed 

unsuccessful1y# reevaluate the target's distribution p(x) 

(see Para. 5.) and repeat the process from c. above. After 

five 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. 

s.   BflYMfan Analysis 

Bayes' Law of Probability says that an estimate of 

the probability 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 inside a 

given area. A search is conducted, and the event is either 

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. If the event Is 

detection, the new probability that the target Is In the 

area Is 1. if the event Is non-detection, then Bayes1 

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 501, and a search is 

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 Baves' formula, the  followin* terms 

are defined: 

A    The  hypothesis that the  target is  In the 
area. 

A   The  hypothesis that the  target Is  nr.t In 
the area. 

0   The event of detection. 

D   The event of non-detection. 

Then 

p(AlD) c 
,tA).> IHM 

i^A) plüWO vp(Ä) • p(DIÄ) 

When the target Is detected: 

p(*IO) - C.5"  ^  C *>' 

o.r A o^' c.'/ * o, n 

as expected.  If the target is not detected, the new 

probabi11 ty would be 

p(A)♦ p(P|A)  fUlD) = 
PCA)* P(DM) ♦■ P^ j« p(D|Ä) 

U8 
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Whereas the tarcet had a 50t A orjorl probability of 

belnc In the search area, Its new, or A oosterlorl 

prooablllty of ~elni In the area Is 33.3%. 

For the solution In paragraph 4., the entire 

probab f llty distribution of the search object was 

reevaluated bet~een successive searches. This was done for 

p(x) Inside the search area by 

p' ( ~) - p (ll) (i- d) 

(' - pl K) cf ) ( 26) 

and for p(x) outside the search area by 

(ptx) -pfR.)) 

(1 pCR)d) (27) 

where R Is the radius of the search conducted. 

In order to Illustrate the general form of the 

probability distributions between searches, a function was 

used which Is similar to a density function. This function , 

f(x) was defined to be 

f (.,.) :::: 
(28) 

where x Is the measure of radius, or again, one-half 

of one side of a square, and 8xdx is the differential of 
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area (Figure 6) 

X »d* 

-«i A  » 

Figure 6. Derivation of Density Function for Square 

Area 

Curve 1 in Figure 7 is the density function before 

any searching Is done, as derived by (28) from (21). Curves 

2 through 5 are these functions after successive searches. 

Figure 8 is a similar set of curves showing the 

cumulative probability distributions. 

6. Results 

This method (from k.) gives the following optimum 

searches: 

Search Optimum Ra di us Safety Factor 

1 1.08 1.1 

2 1.6t» 1.6 

5 2.07 2.0 
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Figure 7. Probability Density with Application of Bayes1 Law 
Between Successive Optimum Square Searches. 
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k 2.kl 2.3 

5 2.71» 2.5 

Since these results were very close to the 'Safety 

Factors' listed above. It was concluded that (1) the safety 

factors were originally good calculations, and (2) they were 

calculated using the mathematical definition of probable 

error. 

It should be noted, however, that these safety 

factors are close to optimum search radii only for the 

condition where track spacing equals sweep width. The 

second recommendation, track spacing equals twice sweep 

width, does not produce anywhere near optimum search areas. 

When a track spacing S* equal to twice the sweep width is 

used, the new path length L' Is given by 

For this new path length, optimum search sizes were 

found to be: 

Search Optimum Radius 

1 0.85 

2 1.30 

3 1.66 

l» 1.95 

5 2.20 
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When there Is lest search effort avellable the slxe of 

the search area as well as the «ffort density should be 

reduced. The SAR Manual fives no guidance as to how much the 

area should be reduced with a given amount of available 

effort. Conversely, there Is no Indication as to how excess 

search resources should be used. If such a condition should 

exist. 

What is needed Is some way for the search planner to 

determine the optimum search configuration directly from the 

amount of search effort available. 

D.  THE GENERAL CASE 

Assume that a series of optimum square searches« each 

larger than the preceding one, is a good approximation of an 

optimum search effort distribution. Consider all the 

searches of the series combined into one search effort, so 

that the search effort density €>{r) assumes a step function 

which Is close to the Ideal effort density. 

i / 

The radius r of the combined search Is equal to the 
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radius of the last (and the largest) individual search in 

the sequence. 

If the search had been a circular one, and If the effort 

density had conformed to the optimum, th~ expression for 

this radius would be 

But since the search Is composed of a small number of 

square searches, this same formula Is not expected to apply. 

There should, however, be some way to approximate a function 

which will define th~ optimum radius based on available 

effort and the target's distribution. The simplest way to 

do this Is to compute total search effort for a few optimum 

square searches, plot the radius of each of the searches 

against the cumulative search effort, and attempt to smooth 

a curve through them. 

This was done for the ten searches (five at W • S and 

five at W • 2S) calculated above, and the resulting curve Is 

shown In Figure 9. Just as radius Is in terms of probable 

error, so are the factors W and l of total effort 

'normalized' by dividing each by probable error. Thus 

'normalized' effort Is a multiple of the square of probable 

error. -- . . · ~'_ .. _ ~, .. .......,. ... 

It should be cautioned that the curve is oniy an 
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Figure  9.   Optimum  Size of  Square  Search  based on 
Cumulative  Normalized   Fffort  Factor. 
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approximation^ and will not be valid If the effort available 

for a single search Is very large. Thus If a search Is 

computed which shows a coverage factor (W/S) greater than 

1.8, then the results of the curve will not give an optimum 

search, and some other method will be required. Again, the 

effort plotted Is cumulative, so that all the effort exerted 

In earlier searche« must be added to the effort available 

for the present search before entering the table. 

Example; One 150-knot aircraft Is available for six 

hours of searching; the total probable error of position has 

been calculated to be 31.9 miles, and W Is estimated at 10 

miles. 

Total effort then Is found as follows: 

E- ISOkts X 6hrs X lOmlles(W) 

■ 9000 square mlles 

In terms of probable error, (c«31.9) 

E(normalIzed) « 9000/(31.9 X 31.9) - 8.9 

From the graph, r ■ l.U, 

R ■ l.i» X c ■ kk.B  miles, or 89.2 miles on a side, and 

S-i»XRXR/L     *  8.75 mi les, 
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If the target is no t f ound on the first s earch, a nd a 

second is to be co nducted; t he amount of available effort is 

calculated f o r the seco nd sea rch. The normalized effort for 

this search must be comb ined with a ll previously expended 

effort before entering the graph. Thus i f t(normalized) for 

the second search s calculated to be 10.0, the graph should 

be entered with a figure of 10.0+8.9 or 18 . 9 to find the 

radius of the second search. Eac h search area will be 

larger than the preceding one. 

This decision curve s hould prove to be a more flexible 

tool for search plann i ng tha n the Safety F3ctor table, since 

It provides a continuous ranee of search radii for different 

amounts of effort available. 
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V.  TMr SfCTOR SfAMCM 

Thtre It on« »•arch p«t(trn in gentral utt which do«t 

ettect 9 gr««t«r concern ml Ion of «ffort «t th« Ctnttf of 

the t««rch «r«4# «nd that I ft tht fttctor fttarch. Thlft »«arch 

pattern t« executed by a ftarlaft of ftwaapft crottlng over th« 

cantar of tha ftaarch araa at various angla». Tha«a ftwaapt 

ara connactad at thalr andpointt by chord» flown near tha 

perimeter of tha araa. Thlft pattern covers a circular araa 

and, perfectly navigated, produce« a track aft shown In 

Figure 10. 

A.  SEARCH EFFORT DISTRIBUTION 

The total effort  expended In a sector  ftaarch can be 

»•«pressed by the Integral 

£  *    f    (Pi')     2^^ dr 

where  R   Is  search   radius 

r     Is   the    distance    from    the  center    of     the 

ftaarch 
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Mgurt  10.   Tht Sector  S««rch 
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(fir)     It tht ttarch effort  dtnilty «t  tomt 

dlstanc« r. 

Thlt dtntlty function (j}(r) It tlmply W tlmtt tht 

numbtr of patht which Inttrttct a clrclt of radius r, 

multlpllod by dr to glvt total path langth bttwatn r and 

r*dr( and than dlvldtd by tha art« bttwwtn r and r*dr. Thut 

(fC) 

Than, 

Wn    jr B       Wn 
2fT ►   c»r jn r (19> 

i   ; \NL - |    -^JL    ^nrcir    =    ^n^ 
(50) zrrr 

0 

and« 

L-nR 

at axpacted. 

Here n It tha number of cspokes' produced« or twice the 

number of complete sweeps across the  circle. This density 

function It Illustrated In Figure 11. 

B.  PATTERN ERROR 

There will  alwayt be some error In flying any search 

pattern« which should be taken Into account for the sector 

search.  The navigation error of  the searcher has already 

been taken  Into account when computing the Total Probable 

Error of Position.   The pattern error, however«  can be 
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dlffertnt from thli navigation mrror. Whtrtai navigation 

error conttdart only tha taarchar't ability to find tha 

datum point In ordar to daflna tha taarch araa^ pattarn 

error, at It It utad hara, datcrlbat hli flying arror within 

tha araa. If, onca tha taarchar finds what ha thinks to ba 

datum, ha drops a snoka float or soma othar marking davlca, 

than his pattarn arror will ba much smaller than his 

navigation arror. Conversely, If when arriving In the 

search araa ha stops referlng to his navigation aids and 

relies thenceforth on dead reckoning only, his pattarn arror 

will ba greater than his navigation error. 

Although by Its nature, a flying error Is blvarlate 

(like the arror of target position) a simplification was 

made. Since tha pilot Is flying long sweeps which have 

their endpolnts relatively far away from the area of concern 

(the center of the area), only his lateral position error 

(which Is unlvarlate) was considered. 

It was assumed for this analysis that the lateral 

component of pattern error Is nearly normal, and that It can 

somehow be calculated or estimated. 

The expression for the total effort expended  In flying 

the spokes of a »actor search Is 

i 

t = iWn (31) 

( Co -  C (-»teral p>tt.fr.-, etrtr  ) 
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ihe derivative of this expression with respect to r was 

used as the sea r cb eff rt density function for a sector 

se~~;:~ )wl ~~~:~·~~~ : no r~ 
~ - ~ . . { 1.. TT eft. (32) 

r_,c· -::. U 

For the analysis this basic density function was 

computed with sweep width, standard deviation of pattern 

error, and number of spokes all equal to 1. To find the 

density function for any particular set of parameters, the 

density Is multiplied by Wand n, and the horizontal scale 

Is multiplied by the standard deviation of the pattern 

error. 

C. OPTIMUM SECTOR SEARCH 

The plot of this density function is found In Figure 

12. An Inspection of this plot will show that It Is close to 

a quadratic function out to r • 3 standard deviations. 

Since Koopman's Ideal search Is a quadratic, some guidance 

was provided as to the optimum radius for the sector search, 

based on the pattern error. It was then necessary to adjust 

the number of spokes to arrive at the Ideal effort 

expenditure to match this radius. Koopman's Ideal search 

effort density Is a function of search radius and target's 

position error: 
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<ri',i) 
( f   >  'l 

and the radius  Is a  function of target position error 

and available effort: 

a 
4c / 

rr 

L 
^ 

Solving for effort, E: 

E * 4  cr 
W L. 

However, In the case of the sector search, L, the 

number of miles flown, is simply the number of sprkes, n, 

times the radius. The chords flown at the perimeter are 

disregarded in this analysis: 

L - a X n 

Substituting, and solving for n: 

0*   TT 
h =     

Ideally, then,  since the optimum a Is known to be 
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close to  three standard deviations: 

m    - 
£7   o;     TT 

4  crz    \V (33) 

or,  when all   errors  are expressed  as  probaolc errors. 

£p    ~       .(*l   C^ 

l.i6 G- 

Uk) 
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Table 1 Is a tabulation of this function for various 

conditions of total probabie error of poslt'^i. c, and 

pattern error. The n derived horn the table must be divided 

by sweep width W LO oDtaln number of ipokes. 

From the example of the sunken fishing boat, c ■ 51.9 

and W ■ 10.0 miles. If the searcher's pattern error were .'3 

miles, then search radius R would equal 58,b miles. 

Interpolating In the table,,  n •« 100, then 

Number of spokes ■ 100/10 - 10 

and the angle between adjacent search legs • 3(;0/10 « 56 

degrees. 

Total search miles flown would oe 

10 X 58,5 - 585 

plus the amount of flying at  the perimeter (in order to 

fly  rne pattern,  the aircraft must traverse a    distance 

somewhat less than one-half the circumference of the area,: 

585 ♦ 58.5 X TT - 535 ♦ in   • 770 miles. 

This table for sector search wMl not he useful until an 

accurate means of pr*;.j; er J -g pattern error Is found. The 

furr» iön ^iven > (34. ) |s extremely sensitive to pattern 

erroi, vr.o thus accuracy for this parameter Is required to 

use the table. 

Even If It is not actually used to determine the 

parameters of a sector search, the table does serve to 
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iI lustrat« that accurate navigation doe* not nectuarlly 

product thf optimum »actor itarch« and that only under the 

unusual conditions of tn extremely accurate estimate of 

target position Is it deslreable to reduce pattern error. 

On the contrary. In most instances, effectiveness may be 

enhanced by Increasing pattern error. 
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VI. CONCLUSIONS ANP RECOHMENPATIQNS 

A.  THE SEARCH PLANNING PROGRAM 

It Is recommended that the Coast Guard begin Immediately 

to make full use of the Search Planning Program now 

operational and undergoing testing at the Fleet Numerical 

Weather Central, Monterey. A guide for users of this program 

is included as Appendix A. 

1.  Precaution« 

The following cautions are appropriate for users of 

the Information provided by this program. 

a. Region of ValIdlty. 

Because the weather data points used In this 

program are approximately 200 miles apart, drift 

calculations provided for areas within 100 miles of shore 

should be double-checked by hand before using, if hand 

calculations produce a larger value for total drift, then 

the hand-calculated answers should be used in lieu of the 

computer solution. 

b. Time of Datum 

Weather predictions in the format required for 

this program are not produced by the Weather Facility for 

more than i»8 hours In advance.  Accordingly,  users should 
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avoid requesting plots for time periods beyond 36 hours from 

the time the request Is submitted. If a plot Is requested 

which Is later In time than the last computed weather, the 

information win be provided for that plot and a caution 

statement will appear in the message reply. 

c.  Numbers of Initial and Datum Positions 

No more than nine initial positions may be 

entered, and no more than nine datum times will be 

calculated, in any one run of the program. 

The user is encouraged to request whatever 

number of datum points may be useful to him. Thus if a 

search Is planned for 0800Z, the search planner may wish to 

request additional data for target position at 1000Z, 1200Z, 

1U00Z, and 1600Z. 

2.  LfifiWflY 

It Is suggested that further experimentation be done 

In the area of survivor craft leeway to determine the 

general shape of the leeway function. It Is expected that 

this shape will be close to that of the llferaft drift 

tables, and to the formula of Witting given In Ref.3. 

y s  k \J Wmd (35) 

and which Is used in the time-sharing version of the 

program for all leeway. This same function Is used In both 

versions to approximate llferaft leeway. 
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When bttttr data Is avallabl«, th« program at Flaat 

Numerical can be changed to accomodate the curved leeway 

function. 

3. Testing 

It  is suggested    that a rigorous program    of  testing 

and evaluation of the results of the Search Planning Program 

be Initiated. If the program proves to be more accurate 

than other methods« Its contribution to the search planning 

process« and to oceanographlc research In general« will be 

substantial. 

k.     Operational   Usa   In   thm   Coait   Guard 

Although the program will be available to the Coast 

Guard    via  the    facilities of    the    Fleet Numerical    Weather 

Central«   there    are further    possible advantages    of such    a 

program which are not available through  these facilities. 

a. Optimum Search Areas 

The computer method of solving for optimum 

searches shown In part IV of this thesis could be added to 

the Search Planning Program. 

b. Other Applications 

Computation of on-scene aircraft endurance« 

time enroute search areas« division of search area among 

different search units« maximum rescue coverage intercepts« 

fixes from radio direction finder bearings« and many other 

calculations familiar to search planners could all be 

available instantly from a remote computer terminal. 
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The Coast Guard Amver computer center at Governor's 

Island New York regularly receives weather data by wire from 

Fleet Numerical Weather fontral which Is used to produce 

weather maps. The fields required for the Search Planning 

Program could also be transmitted to a central Coast Guard 

computer facility. Remote terminals connected to this 

facility and installed In Rescue Coordination Centers 

(RCC's) could provide the output from this program, Amver 

surface picture plots, and other useful data directly to 

search planners. 

3.  DETERMINATION OF SEARCH AREAS 

It is recommended that the findings of parts IV and V of 

this thesis be evaluated by the Coast Guard and applicable 

portions be included In the National Search and Rescue 

Manual. 

C.  FUTURE RESEARCH 

There are many unexplored areas In the field of Search 

Planning in which further research may yield valuable 

results. 

1.  The TracklIne Search 

Although the type of point-datum search presented in 

parts IV and V are computed in two dimensions, there are 

times when the target's distribution is centered on a line 

of position  (or  trackllne),  which  presents a problem 
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essentially one dimensional in nature. 

if a boat departs point A intending to follow a 

certain track AB to point B/ and does not arrive at point B, 

and If no other information is available as to his probable 

position/ a one-dlmenslonal or trackline search problem Is 

presented. 

a. Partial Solution 

Assuming that  It  is  decided to begin  the 

searching efforts by executing Just one sweep along  the 

length of the trackline« what Is  the probability that the 

target will be  located? The following analysis  is for the 

Inverse cube law of detection. 

Given the standard deviation of the target's 

error of position C, and given sweep width« W, where 

w- V zirm 
(36) 

Solving for m,     which  includes visibility  and 

other factors« 

(37) 
m = 
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The       probability    of       detecting    a       uniformly 

distributed   target   Is 

ci ( O    -     I f 

I - f 

Introducing a new variable, 6 2cf 
W 

acx) - i -e   t51**2- 

(38) 

(39) 

(UO) 

The probability that the target Is  located at 

some distance x from the trackllne may be assumed to be 

^x) 
ylF cr t' 

- / 
-«er 

(1*1) 

Thus, the probability of detecting this target 

Is . + oo 

p- ('-*)(, 
--*-. 

(U2) 

f- 

Introducing^ ^ ' ^^  d K * T^11^ 

(«♦3) 

(l»U) 
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which has  the solution 

-ii - w_ 
(«»5) 

b.     General   Solution 

The solution for probability P of detecting a 

target on a trackllne search for more than one sweep 

Involves a more complicated expression/ one which does not 

lend Itself to such a simple solution. Since a trackllne 

search is executed one sweep at a time/ a general solution 

for the optimum distance of each sweep from the trackllne Is 

Indicated/ and should be the subject of further study. 

2.     Optimum  Search   Speed 

The Search and Rescue Manual prescribes a "moderate" 

speed for searching. Koopman's formula for sweep width/ from 

(5 )  gives 

V\|-/ 
ikh 

This Indicates that sweep width Is inversely 

proportional to the square root of the relative speed of the 

target/ w. When search speed Is very large in comparison to 

target speed/ w takes on the value of the searcher's speed. 

As w Increases/ however/ the amount of search path length L 

that can be covered In a certain period of time Increases 

proportionally: 
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It follows that the amount of search effort, W x L, 

that can be effected by a certain number of aircraft  In a 

fixed period of time Increases as the square root of search 

speed: 

Ü A 

\NL ..  ^ ^.UJ       „. r— (u) 

It may be argued, then, that when time Is a factor, 

such as where persons In distress may not survive for long 

periods of time, searching should be accomplished at the 

highest speed practicable. In addition, since the coverage 

of a designated searcr area will take less time at a higher 

speed, lookouts may encounter less fatigue, and the 

effectiveness of the search may be enhanced. 

D.  CONCLUSION 

In conclusion, there Is a need for more scientific 

research In the practical aspects of search planning, and a 

corresponding need for the education of search planners In 

the fields of probability and search theory. 
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APPENDIX Ä 

USER'S QUID? TO 

SEARCH PUNKING PKÜüRAM 

1. .afiscriBtJaa 

The MONTEREY SEARCH PLANNING PROGRAM Is a computer 

program whJ^h solves open ocean drift plotting problems/ and 

provides datum, mlnlmax datum. Total Probable Error of 

Position, and Searcn Rad us for both simple and complex 

searches. The use of *,?. Is program Is available upon 

request« on a test basis, to aii Rescue Coordination Centers 

through the facilities of the U.5. Navy Fleet Numerical 

Weather Facility/ Monterey/ California. 

2. Input  Data 

a.     Leeway Code 

For this program/ leeway is expressed as a two-digit 

code as shown In Table 1. 
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00      No Leeway 

10 Llferaft with DroKue 

11 Llferaft without Drogue 

12 Liferaft CMlnlmax) 

13 - 19  Downwind drift dninlmax) 

Minimum = 1%   of wind velocity 

Maximum --• Second digit as %   of 

Wind Veloc i ty. 

20,30,610.  Downwind drift at 22,3*, etc. 

of the wind velocity 

21 - 99 Mlnlmax drift at some fixed percent 

of wind velocity equal to first digit; 

Deflection to the right and left 

of the wind line equal to 

10 degrees times the second digit. 

Table 1.  Leeway Code 

Example:  43 ■ k%  of wind velocity 
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+ 30 degrees off wind line 

b. Number of Starting Points 

The number of starting Cor distress) positions must 

be Indicated. The maximum number that can be supplied Is 

c. Number of Datum Times 

The number of datum Cor search) times for which 

plots are requested must be supplied. The maximum number of 

these Is also nln&. 

d. Startlna Point Data 

Startln& positions must be entered In chronoloalcal 

order and each point must be fullv Identified by: 

(1) Date-time sroup (time zone Zu l u) 

(2) Month 

(3) latitude and Lon&ltude In decrees and minutes. 

Tenths of minutes must be specified. The number of these 

sta rt lna positions must asree with paracraph 2.a. 

e. Datum Times 

Complete Date-time aroup ( lncludlna month) for each 

jatum time must be supplied, In chronoloalcal order. The 

number of these datum times must aaree with paraaraph 2.c. 

f. Last Known Position 

This Is th~ last known position of the search object 

(see Para. 611, National Search and Rescue Manual) to be 
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used In computing DR position error.  This position must be 

complete with degrees^  mlnutes/ and tenths of minutes.  If 

DR position error Is  not  sppllcsble,  enter one of the 

Initial positions from 2.d. 

g.  Error Factors 

These factors must all be specified to at least one 

decimal place/ In the following order: 

(1) Probable navigation error of search craft. 

(2) Initial  probable error In  position of the 

search object. 

(3) Percent of  DR distance  to be applied as  DR 

error  (See Para. 611,  National Search and  Resete Manual). 

Enter 0.0 If not applicable. 

h. Search Designators 

These should be one-digit numbers, from 0 to 5, 

which describe which Safety Factors are to be applied to the 

Total Probable Error of position for each datum time. One 

digit mu«t be supplied for each datum time. 

0 No search radius is to be computed for 

that datum time 

1,2,5,1», 5 The Safety Factor corresponding to 

search 1,2,3,'», or 5 is to be applied. 

3.  Mmm Rgouatt Format 

A message request  to Fleet Numerical Weather Central 
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w 111 Insure that the data Is entered correct 1 y Into the 

computer: 

FM CEA 

TO FLENUMWEACEN MONTEREY 

BT 

UNCLAS 

DISTRESS HOMEY 65 OVERDUE 

1. REQUEST SAR PLOT. 

2. DATA: 

A. 12/2/3// 

B. J3J9JJZ AUG,352J.JN,J5216.5W/J312JJZ AUG, 

36JJ.JN,J51~J.JW// 

C. J316.JZ AUG/J322JJZ AUG/J~J2JJZ AUG// 

D. 35JJ.JN,.SlkJ.JW/S.J/1J.J/J.l./1J2// 

This sample messaae requests a minimax plot of a 

llferaft from two l"ltlal positions, with data requested for 

t ree different times (para. 2.A.). The Initial positions 

and date-time ~roups are &lven In para. 2.8. (note that 2 

dl&lts are used to express decrees latitude and l dlalts are 

used for decrees lonaltude). 

Paracraph 2.C. alves the date-time aroups of the datum 

times. Paraaraph 2.0. clves the last known position, error 

factors, and searc~ deslcnators. for this example, the 

first search Is to be computed for 031600Z and a second 
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search for 0U02OOZ. No search radius Is to be computed for 

032200Z; positions and position errors will still be 

provided. 

k.     Caution; Offshore Regions 

This program Is designed primarily for open ocean 

search; when data Is supplied for water areas within 100 

miles from shore, answers should be checked by hand 

calculations. Requests for SAR Plots within 10 miles from 

shore should be avoided. 

Weather Information used in this program Is applicable 

to the Northern Hemisphere only. 
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