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Introduction

A fundamental challenge for those who search for lost people (and objects) is determining where
to search. A method adapted from probability theory (a component of Statistics) to help answer
this question isinitially estimating and then updating or adjusting Probability of Area (POA)
values. In its smplest form, POA is defined as the chances that the search area (or region,
segment, or any geographic area) contains the object being sought and is usually represented as a
percentage (e.g., 45% or 0.45). Although the international SAR community uses a different term
than ground searchers (i.e., Probability of Containment or POC), the meaning is the
same.[Cooper & Frost, 2000]

Mattson [c1975] introduced a method of establishing initial POA values to the inland search
community that required search planners to assess and quantify (reduce to a percentage) their
beliefs for each region of probability. These quantified POA values were then averaged across al
search planners for each region to produce initial planning POA values. When used correctly,
this method ensured that probabilities assigned to the regions were in the correct proportion to
one another. Although it was not emphasized at the time, obtaining meaningful POA values
requires the use of a proportional assessment technique [Frost, 1999c]. Later modifications to
Mattson’s [c1975] method did not always capture or preserve proportional relationships.
However, the subject of establishing initial POA valuesis beyond the scope of this article which
assumes a vaid set of initial POA values has been established.
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Once established, POA values may be illustrated for use in the form of a probability map
identifying regions of varying probability. As searches are conducted, these initial values are
adjusted mathematically to account for changes in probability secondary to the application of
detection (POD) in the search area. In the past, adjusting these values and maintaining a
probability map required a great deal of computation and time. For search planners, these
obstacles were difficult to overcome and, therefore, caused many to disregard the benefits
offered by the use of these concepts. In this paper, a mathematical approach to adjusting POA
will be advanced that requires less computation and time, thus making the benefits from its use
more available for practical application.

Background

The mathematical basis for searching and the study of search theory had its beginnings during
World War 11 in the work of the Navy’s Anti-Submarine Warfare Operations Research Group. It
was originally based on searching for the wakes of warships as seen from aircraft flying over the
ocean. The results of this work were collected in a seminal report by Koopman [1946], but the
report was not declassified and generally available until 1958 [Benkoski, €t al., 1991]. Koopman
[1980] later developed a somewhat expanded version of this work, published in his book Search
and Screening: General Principles with Historical Applications. Although Koopman's work was
aimed at naval interests, the general theory of search he established is applicable to virtually any
type of search problem, including that of inland search. [Frost, 1998]

Morse and Kimball [1946] described the use of search probabilities in the maritime environment.
However, the inland community did not recognize the concept until Kelly [1973] suggested that
amathematical relationship existed between the probability of success, probability of area, and
the probability thet “...the victim will be seen....” He, like his maritime counterparts, based this
idea on fundamental principles of Bayesian statistics. Bayesian statistics are based on the work
of the Reverend Thomas Bayes (1702-1761) who first used probability inductively and
established a mathematical basis for probability inference (a means of calculating, from the
number of times an event has not occurred, the probability that it will occur in future
trials).[ISBA, 1999]

Later, secondary to his research into how the U.S. Coast Guard performed maritime searches,
Syrotuck [1975] suggested that a search planner could estimate the chances, or probability, that a
particular search would be successful by applying selected mathematical principles. Using a
fundamental proposition of probability theory, Syrotuck [1975] described success as avalue
(defined as the Probability of Success, or POS) calculated as the product of probability of
detection (POD) and probability of area (POA) (equation [1]).

[1] POS=POD” POA

Where:  POS isthe probability of finding the search object with a particular search.
POD isthe probability of the search object being detected, assuming it was in the
searched area.
POA isthe probability that the search object is contained within the boundaries of
the searched area (region, segment, or other geographically defined area).
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Syrotuck [1975] succinctly stated that, “ Success is based on the capability of ‘spotting’ the
victim and the chances of the victim ‘being’ in the areathat you are searching.” Equation [1]
illustrates mathematically the concept that the Author articulated: a successful search is
dependent on both POD and POA—two related probabilities. Although POS, POD and POA are
equally important, this paper will focus on POA and how it changes (or is updated or adjusted) as
searches are conducted. However, some fundamental understanding of POS, particularly with
regard to its relationship to POA, is necessary to achieve this goal.

As searches are conducted in a segment and nothing is found, the chances that the search object
is inside the segment (POA) decrease. This decrease in POA leadsto arelative, and directly
proportional, increase in the chances of finding the search object—the very definition of POS.
The increasing effect of multiple searches on POS is defined as cumulative POS (POScum). As
multiple searches are conducted in a segment without results, the POA decreases, and the
cumulative POS increases, for that segment. The cumulative POS approaches, but never exceeds,
the initial POA of the segment. The POScum values from each of the segments may then be
summed to calculate the overall cumulative POS (OPOScum) (equations [2] & [3]) which
indicates the overall chances that, if the search object has been in the search area all along, it
would have been found by now. [Cooper & Frost, 1999]

n
[2] POScums = g POSs,j
j=1
Q'
[3] OPOScum =g POScums
s=1
Where:

POSs; isthe probability of success for segment s for search j only. This value does not
account for any searching done in segment s before or after search j (j isthe
search number; i.e., search 1, search 2, ... search n).

POScums is the cumulative probability of success for segment s only. This value
accounts for all searching done to date in segment s. POScums isthe sum of all
POS;s, values for searches where “j” ranges from 1 to n in segment s. The
notation of equation [2] isread as. “ Cumulative POS in segment s equals the sum
of al POSsj values where the search number, ‘j', goes from 1 to n where nisthe
number of the most recently completed search of segment s.” In short, the
cumulative POS for segment s equals the sum of all POS values obtained from all
searches conducted to date in segment s.

OPOScum isthe overall cumulative probability of success for al searching. This value
accounts for all searching done to date in al segments (m is the total number of
segments).

Unlike either POD or POA aone, POS is avalid measure of a search’s chances of success. That
is, POS is avalid measure of search effectiveness. Further, the goal of search planning isto
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maximize the probability of success. Toward that end, overall cumulative POS can serve as an
explicit, computable criteriafor comparing alternative search plans and deciding which of them
is best.[Soza & Company, 1998].

The benefits of the use of overall cumulative POS as a measure of search effectiveness are
available to the search planner only after POA is adjusted for each segment searched. Thus,
adjusting POA is an essentia step in the use of POS and probability maps as search planning
tools. What follows is a brief review of how adjusting POA has been previously described in the
inland SAR literature.

Methodological History: Syrotuck

Syrotuck [1975] stated that, “When one area is searched with a certain efficiency [POD] and the
victim is not found, this increases the [relative] probability of the victim being in another area.”
Put smply, when a particular segment is searched but the search object is not found, two things

happen:

1 The relative probability of the object being somewhere else increases, and
2. The relative probability of the object being in the segment just searched decreases

Mathematically, both of these requirements are satisfied if the POA value of the segment just
searched is reduced by an amount proportional to the POD applied to that segment. Syrotuck
[1975] called this concept “shifting” POA. Others have called it “adjusting” or “updating” POA.
In this context, these terms are synonymous.

When Syrotuck [1975] first attempted to quantify the concept of shifting POA for the inland
community, he suggested that POA be adjusted through an application of Bayes Theorem in its
original form (equation [4]).

[4] Shifted POA=——2 PM
Pa" Pm+Pn
Where:  Shifted POA isthe modified POA of a segment after an unsuccessful search in
that segment.
Pa is the probability that the victim is there.
Pm is the probability that the victim was missed.
Pn is the probability that the victim was not there.

The “shifted” POA produced by equation [4] is based on the assumption that only one segment
was searched and that al the remaining segment POA values will be “shifted” in the following
way: After the “shifted” POA value for a single searched segment is computed, the POA values
of the remaining segments are “shifted” so the sum of all “shifted” POAs returns to the original
value of 100%. This processis called normalization and the “shifted” POA computed by
equation [4] is the correctly normalized value assuming only that segment was searched. In short,
Syrotuck [1975] subtracted the “ shifted” POA value of the searched segment under consideration
from 100% (1.0). The Author then distributed this amount of probability over the remaining
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segments in proportion to their “unshifted” POA values to get new “shifted” POA values. In the
end, the Author’ s method of normalizing the remaining segments to properly match up with the
“shift” in the POA of a searched segment proved to be cumbersome. (see Sidebar 5, page 22, for
adescription of how to normalize values.)

With Syrotuck’s [1975] technique, the entire process just described had to be repeated once for
every segment searched in order to produce a “final” set of “shifted” POA values that accounted
for all searching donein all searched segments. It is obvious that, in most rea situations, this
technique involved a very large number of computations. The “shifting” of POAs for even a
small number of segments required several pages of calculations. While the premise of the
Author’ s suggestion was valid, its use, and the normalization process specificaly, imposed a
considerable computational burden on the search planner.

Methodological History: Bownds

About seven years after Syrotuck’s [1975] method was published, Bownds [c1982] advanced an
aternative, and mathematically equivaent, method for manually adjusting POA values. This
method involved a simpler two-step approach to adjusting POA values.

In the first step of Bownds' [¢1982] modified approach, the adjusted POA value of the segment
just searched (say, segment j) was calculated using equation [54].

(1-Dj)” Aj

(5 P(Aj| D)=

{ Segment searched}

Where:  P(Aj | Dj') is the probability that the subject isin segment j (shifted POA) given
that segment j was searched without detecting the subject.
Aj isthe POA of segment j prior to this update.
Dj isthe POD for this search in segment j.

Like Syrotuck’s [1975] technique, equation [5a] computes the correctly normalized value
assuming only that segment was searched. In Bownds' [c1982] second step, the adjusted,
normalized, POA values for each of the remaining segments is calculated by using equation [5b]
foralit j. Asthe POA for each searched segment is adjusted, this calculation is performed
once for every other segment, including those already adjusted.

A
1- DA

[Sh] P(Ai| Dj)= { Segment not searched}

Where:  P(Ai| Dj') isthe probability that the subject isin segment i (i * j), given that
segment j was searched without results.
Ai isthe POA of segment i prior to this update.
Aj isthe POA of segment j prior to this update.
Dj isthe POD for this search in segment j.
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This method ensured the sum of all POA values was equal to 100% at the conclusion of each
compuational cycle just as Syrotuck’s [1975] technique did. In fact, both methods require the
sum of the POA values be 100% at the end of each computational cycle, just as both methods
require as many computational cycles as there are searched segments for a complete update of
the POA values.

Although Bownds' [c1982] two-step method appeared considerably simpler than the style of
Bayesian update suggested by Syrotuck [1975], it was only a modest improvement in terms of
the computational burden imposed on the search planner. Bownds' [c1982] technique also
required several pages of calculations for even relatively simple cases. In fact, both authors
presented examples of shifting the POA values of a search area having only four segments, all of
which had been searched, and each author required two full pages of calculations to obtain the
final shifted POA values.

Neither Syrotuck [1975] nor Bownds [c1982] specified whether their terms for POA (i.e., Paand
Ai, respectively) meant shifted POA from previous searches, or whether their terms for POD
(i.e., Pmand Di, respectively) represented cumulative POD. If a segment is searched multiple
times, the chances of detecting any search object in the segment are increased. This increasing
probability of detecting a search object after multiple searches in the same segment is called
“Cumulative POD” (equation [6]).

6] Cumulative POD =1- ((1- POD1) (1- POD2)" ..." (1- PODn))

Where:  PODL1 isthe probability of detection of the first search of a segment.
POD?2 isthe probability of detection of the second search.
PODn isthe probability of detection of the nth (last) search.

If both shifted POA from previous searches and cumulative POD were used in the calculations,
the new shifted POA values would erroneously account for the search results twice—oncein
adjusting the POA and once in accumulating POD. Neither Syrotuck’s[1975] nor Bownds
[c1982] notation and/or description specifically excluded the possibility of this type of error.

Methodological History: Shea

Shea [1988] published another method for adjusting POA that also required two steps and
normalization. However, the Author implied that the calculation of a cumulative POD was
required, not optional asin earlier approaches. Further, he implied the use of cumulative POD
would allow oneto, “...wait until multiple resources have searched an area before calculating the
shifted POA.” The method allowed the adjustment of POA values after the application of
multiple resources. This was a capability not available in previous methods. Indeed, the method
could also adjust the POA values for any number of searched segments simultaneously before
normalizing. In contrast, the methods of both Syrotuck [1975] and Bownds [c1982] required the
adjustment and normalization of the POA value of a single searched segment, followed by the
normalization of all other segments, before accounting for additional searched segmentsin their
computations. These older methods took an extraordinary amount of calculation and erroneously
implied that normalization was required. In the end, Shea s[1988] method achieved the same
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mathematical result as Bownds [c1982] and Syrotuck [1975], but required much less
computation.

[74] POA *=(1- PODcum)” POAold {Step 1}
Where:  POA* is an interim term needed in step 2 (equation [7b])
POAoIld isthe POA of the segment prior to a search being conducted.
PODcum isthe cumulative POD for the segment.

POA *

[7b] POAshifted = {Step 2}

Where:  POAshifted is the new POA for each segment.
POA* is the figure determined from step 1 (equation [7a]).
S isthe normalization factor determined from the sum of al POA*.

One thing Shea [1988] did not point out was that the PODcum used in equation [7a] had to be
based on only those searches conducted since the last “shifted” POA value was computed for the
given segment. If the usual definition of PODcum (cumulative POD for al searching done to
date in the segment) is used with a POAold vaue from an earlier adjustment, the effects of
searching done prior to that adjustment will be counted multiple times and errors will result.
(Changing POAoId to POAInitial, will allow equation [7a] to work correctly with the usual
definition of PODcum, aswill be shown later. Also, changing PODcum to POD will clarify
how the formula works when only one search of the segment(s) has been done since the last
POA adjustment.)

Shea [1988] did point out that when using his first equation, the “POA*” value of any segment
not searched would be the same as its “POAold.” Therefore, performing his step 1 calculation
on unsearched segments could be skipped. Further, as justification for his second step (equation
[7b]) the Author stated that, “We know that the sum of al POA must be equal to one, so we
divideeach POA* by S, giving the [normalized] shifted POA.” This aso implied that
normalization was a requirement of the method even though this requirement was based on the
false assumption that, “...the sum of all POA must be equal to one,” and ignored the possibility
of using a defective distribution (a distribution that does not sum to 100%) [Stone, 1989]. The
reasons normalizationis not required are discussed in “The Normalization Issue” section below.

Shea’' s [1988] step 1 was a simple algebraic variation of the conventional notation of search
probability (POS = POA x POD; equation [1] herein). This was a delightfully simple application
of the notation, but the Author, like Syrotuck [1975] and Bownds [¢1982], did not completely
define his terms. This caused confusion, the potential for miscal culations, and caused doubt
about what was otherwise a valid method.

The Normalization | ssue

What Syrotuck [1975], Bownds [c1982] and Shea [1988] did not explicitly state was that the
process of normalization did not change the relative proportions of the figures derived by
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removing the denominator from the first step in the first two of these methods and letting Shea's
[1988] first step stand unaltered. Normalization may present the figures in a more visually
acceptable form (i.e., they add up to 100%), but it is not required if oneis only interested in
adjusting POA after searching. The additional computational burden of normalizing the figures
takes time, is fraught with potentia for errors, is unnecessary, and actually destroys valuable
information about the search. These are powerful arguments against normalizing.

The U.S. Coast Guard’'s Computer Assisted Search Planning (CASP) software initially
developed in the early seventies uses a very simple algorithm to adjust POA after searches have
been conducted. Normalized versions of the non-normalized adjusted POA values are computed
within the display modules for presentation purposes using the same normalization technique
Shea [1988] used in equation [7b]. However, the CASP software actually uses non-normalized
POA values for al POA adjustment calculations and never uses normalized values for anything
other than the visual presentation of probability maps. The accuracy of the calculations and the
proportionality of the POA values are not affected by the use of non-normalized data [Frost,
Pers. Comm., January 1999]. If the inland community used a similar approach, the computational
burden of applying search theory to inland searches would be reduced substantially.

Comparative Analysis

From a consideration of the three methods just described the similarity between termsis evident.
Table 1 compares these terms (each row is equivaent).

Translation Table

Syrotuck Bownds Shea Description
A i The probability that the
Pn L-Al subject is not there
Pm 1-Dj 1 -POD The probability of not

detecting the subject if there
The probability that the

Pa Aj POAold subject is there (adjusted for

any previous searches)

Table 1 - Term Translation Table

The “cum” was removed from Shea s [1988] rendition to make it consistent, for purposes of
comparison, with the other techniques that can handle only one search a atime. Revisiting the
formulas for shifting the POA of a searched segment, we see that the numerators of Syrotuck’s
[1975] and Bownds' [c1982] formulas (equations [4] and [5a]) and the first step of Shea' s [1988]
method (equation [7a]) are identical. That is,

Pa’ Pm=(1-Dj)  Aj=(1-POD)  POAold
{Syrotuck} {Bownds} {Shea}

In each case, a nonnormalized adjusted POA is computed. Shea[1988] showed that
normalization could be delayed until after all non-normalized POA values were computed,
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producing a substantial reduction in the number of calculations required. Below, it will be
shown that the number of calculations can be further reduced and that tremendous additional
benefits can be realized by eliminating normalization altogether.

In addition to the similarities noted above, the methods of these three authors also share the
following characteristics:

1 Because of ambiguous notation, they all have the potential for errors related to
accounting for search results twice: once in using adjusting POA from previous searches
and once from using cumulative POD.

2. Their concepts and notation do not address the potential need for a second (or more)
consensus to be performed with consequent changes in “initial” POA values.

3. All of these methods require normalization which causes the following difficulties:

a Normalization requires a great deal more calculation,

b. Normalization removes the clear indicator (OPOScum) of when to start looking

elsewhere.

Difficulties in notation are relatively easy to resolve. However, the importance of the realization
that normalization is not required to benefit from the application of search theory cannot be
overemphasized. Specifically, using an approach that does not require normalization provides
significant benefits including the following:
1. It is computationally ssmpler with far fewer calculations.

2. It provides a clear indicator (OPOScum) of when the information used to build the
scenario that produced the initial POA values (consensus) has been exhausted.

3. Mathematically, the non-normalized figures can be used with or without an initially
defective distribution [Cooper, 1998].

4, It abides by the tenets of formal search theory [Frost, 1998].

An Alternative Method

A descriptive and complete notation is required to insure that terms are not confused. The
notations illustrated in Sidebar 1 (page 18) will be used to insure accuracy and consistency.

Before continuing, there is an important point that needs clarification so that the same confusion
that surrounded Shea’ s [1988] notation does not resurface. For the purposes of this article,
searches of a segment will be accounted for mathematically (e.g., adjusted POA and POS
computed) one-at-a-time as their POD values become available. Thisis aso a smple way to
handle them in an actual search. Although it is included throughout this discussion, cumulative
POD will only be computed just prior to a new consensus, should a new consensus be needed.
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Here, cumulative POD will not be used as an input for adjusting POA. This not only relieves the
search planner from performing the calculations necessary to compute cumulative POD, it also
prevents the errors that can occur when searches are accounted for more than once in adjusting
POA. See Sidebar 2 (page 19) for options on how to account for multiple searches of asingle
segment.

There are two primary reasons one may want to adjust POA values: to update and maintain a
probability map to aid in planning future searches, and as part of the process of devel oping other
quantities or values of interest (i.e.,, OPOScum). Fortunately, algebraic variations of asingle
equation ([8] in Sidebar 3, page 20) will do both.

Once a search is performed (say in segment s), the only inputs required to compute adjusted
POA are:

1 The adjusted POA value that accounted for all searches prior to this search in segment s
(POAs -1 0r POAs o if thisis the first search), and

2. The POD for this search of segment s (PODs p).
The primary equations to perform these computations are included in Sidebar 3 (page 20).

As stated earlier, algebraic variations of equation [8], such as those listed in Sidebar 4 (page 21),
will also work to calculate adjusted POA. However, the use of the primary equations listed in
Sidebar 3 (page 20) will minimize the quantity of computations required. For instance, although
eguation [15] (in Sidebar 4, page 21) achieves the same result as equation [8], it requires one
additional computation (calculating POScum) and therefore is less desirable.

After computing adjusted POA, the search planner will want to update any probability map in
use and compute overall cumulative POS. However, given the updated POA, any value of
interest could be computed from the algebraic variations of these equations. For example,
segment POS for one search could be calculated with equation [16], cumulative segment POS
(for all searchesto date in this segment) could be calculated with equation [9], and cumulative
POD for this segment (for all searches to date in this segment) could be calculated with equation
[12].

Algebra aside, no search planner wants to perform unnecessary calculations, so the remainder of
this discussion will be limited to the steps necessary to:

1 Update a probability map (adjust POA after a search), and
2. Compute overall cumulative POS.

A method for computing cumulative POD will aso be demonstrated because it may be useful if a

second (or subsequent) consensus is performed and a new set of “initial” POA valuesis
established for each segment.
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An Example

Consider a search area that has been divided into four segments (Segments 1, 2, 3 & 4) as
illustrated in Figure 1. In this example, each segment is also a probability region (see the
companion article “ Selected Inland Search Definitions” for the definitions of “segment” versus
“region”). It will be assumed that search planners established regional boundaries based only on
factors that affect POA. After a proportion-based consensus was conducted, initial planning POA
values (POAs ) were assigned to regions, and segment POA values were derived from these
regional values. In this example, the initial POA values of segments 1 through 4 will be 19.35%,
25.81%, 29.03% and 25.81%, respectively (Figure 1).

SPOA=1.0 OPOScum =0
Seg 2
Seg 1 0.2581
0.2903 0.2581

Figure 1 — Probability map with four segments, each showing their respective initial POA values. Note that,
since no searching has occurred, the overall cumulative POS is 0.

Search planners have determined that it is possible and appropriate to search al of the segments
simultaneously to a Coverage of 0.5 with the available resources. So, search resources are
deployed to their respective segments and begin operations.

After a search is conducted and a POD value is established for that search, one would expect the
initial POA value for the segment searched to change in some proportion to the POD achieved.
In our example, if segment 4 is searched to a Coverage of 0.5, and thus a POD of 39.3%, a
number of useful values could be computed. Using equation [8], POAs , is easily calculated to
be 15.67% {0.1567 = 0.2581 " (1 - 0.393)}, and using equation [16], POSs , is calculated to be
10.14% {0.1014 = 0.2581 — 0.1567} .

The order in which searches are accounted for in the calculations has no effect on the result. But,
the POA vaues are most easily adjusted one-at-a-time. Once a search has been completed and a
Coverage assessed using the information available from debriefing, the corresponding POD can
be used to adjust the POA value and then the overall cumulative POS can be computed. In the
example presented, debriefing information from the search of segment 4 has been presented to
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search planners first. So, the calculations involving the adjustment of the POA value in segment
4 will be performed first (Table 2).

Search 1
Segment | POAs o (C=0.5) POAs , | POScumg
POD;s
1 0.1935 0 0.1935 0
2 0.2581 0 0.2581 0
3 0.2903 0 0.2903 0
4 0.2581 0.393 0.1567 0.1014
Totals 1.0000 0.899* 0.1014 | < OPOScum

Table 2 — Search 1. (*) The adjusted values are not normalized.
That is, the sum of all POA values no longer equals 100% after searching.

Note that when not normalized, the POA values of un-searched segments (e.g., segments 1, 2,
and 3 in this example) do not change. The cumulative POS for each segment searched is
calculated using equation [9]. The overal cumulative POS is ssimply the sum of all segment
cumulative POS values [Soza, 1998] (see bottom right cell of Table 2) and is mathematically
depicted in equation [3]. Also note there is another way to compute OPOScum: the difference
between the total of the POAs o values (1.0 in this example) and the total of the POAs , values.
This method is mathematically depicted in equation [10]. When the probability map is updated
with the search described in Table 2, it looks like Figure 2.

S POA =0.899 OPOScum =0.101
Seg 2
Seg 1 0.2581
0.1935 Seg 3 | Seg 4
0.2903 | 0.1567

Figure 2 — Probability map showing the adjusted POA value in
segment 4 after one segment is searched.

Looking at the updated probability map, search planners can see that segment 4 was searched

once and that the probability in that segment dropped from 25.8% (initial POA) to 15.7%. Any
other values of interest to the search planner can be calculated from here.
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If debriefing information from the search of segment 2 were presented to search planners next
(Coverage = 0.5; POD = 39.3%), the values on the probability map would be correspondingly
updated (Figure 3).

S POA =0.798 OPOScum = 0.202
Seg 2
Segl 0.1567
0.1935 Seg 3 | Seg 4
0.2903 | 0.1567

Figure 3 — Probability map showing adjusted POA values after two segments are searched.

This process continues until all searches (and their associated POD values) have been processed
and reflected on the probability map. Note that the sum of al POA values at any time, when
added to the corresponding OPOScum value at that time, aways equals the sum of the initial
consensus POA values (1.0 in this example). Thisis a consequence of equation [10].

Re-adjusting POA Values after a New Consensus

Occasionally, a situation arises where new information about a search is discovered invalidating
the scenario originally used to establish initial POA values (via consensus). In these
circumstances, a new consensus may be performed. If a new consensus is necessary, and new
initial POA values are established, there is no need to discard al searching (e.g., Coverage or
POD) previously conducted. All previous searching may be accounted for using any one of three
mutually exclusive methods:

1 Mathematically

2. Subjectively

3 By excluding regions/segments previously searched from corsideration in the new
CONSensus

If the search areais unchanged, or at least some of the segments previously searched remain in
the new search area, searches conducted prior to the new consensus can be used to:

1 Adjust POA values established in the new consensus to reflect searching aready done,
and
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2. Update the overall cumulative POS to reflect both the new consensus and previous
searching.

This is an under-emphasized benefit of the application of search theory using non-normalized
values. The ability to re-adjust POA and POS values easily to properly account for both a new
consensus and the searching that has already been completed is a powerful capability.

Mathematicaly. By adding athird subscript, representing the consensus number (i.e., consensus
1, consensus 2, etc.), to termsin equations [12], [11] and [10], we can account for a second
CONSensus.

OA n ..

[12] PODcum s =1- gg—snlg
ePOAs 0,1 g

[11] POAsn2 = POAso, " (1— PODcums)

[10] OPOScUm = SPOAs 0.2 — SPOAG 1 2

To mathematically re-adjust POA and POS values after a second consensus, these equations may
be used in the following way:

1 Equation [12] (or [6], but [12] is preferred) is used to compute the cumulative POD
(PODcums) for each segment in the search area prior to the new consensus.

2. These cumulative POD values are entered in equation [11], with the initial POA values
established by the second consensus (POAs o.2), to get new adjusted POA values
(POAs ) for each segment.

3. Once al the re-adjustments have been made for the second consensus (steps 1 and 2,
above), the overall cumulative POS (OPOScum) may be computed using equation [10].

Subjectively. Rather than mathematically accounting for previous searching after a new
consensus, asimilar goal can be achieved by subjectively considering any searching done to date
during the new consensus. This alternative involves search planners subjectively evaluating all
previous searching done in the search area as they would anything that might influence their
assessment during the new consensus process (e.g., evidence). If this approach is taken, all
previous POD or cumulative POD values are discarded and the new POA values established
from the new consensus are considered initial POA values for the search (e.g., POAs ). As
expected, cumulative POS values (both segment and overall) also return to zero.

Excluding regions/segments previously searched. A situation may arise where new information
about a search is discovered invalidating the scenario originally used to establish the initia
search area. In this situation, there are four primary options:

1 The entire search area may be moved, leaving no segments in common with the previous
search area,
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2. Segments may be added to the previous search area without discarding any part of the
previous search area,

3. Part of the previous search area may be discarded because it no longer fits the scenario in
use, or

4, Part of the previous search areais discarded AND segments are added (a combination of
2 and 3).

For options 1, 2 and 4, any segments added to the new search area have, of course, not been
previously searched, so accounting for previous searches in them is unnecessary. For options 3
and 4, any previous searching that has been done in the parts of the search area that have been
discarded will no longer have any impact on future search planning. Thus, if the parts of the
search areathat have been previously searched are excluded from consideration in the new
consensus, the need to account for previous searching in these areas is unnecessary. On the other
hand, any segments previously searched that are included in the search area developed by the
second consensus must have their POA values properly adjusted by either a mathematical or
subjective procedure. Then, further adjustments accounting for still more searching after the
second consensus may proceed using equation [8] and the approach previously described. The
same procedures would also apply should a third (or more) consensus be required.

With this powerful capability to account for previous searching after a new consensus comes a
word of caution. If planners account for previous searching in multiple ways (i.e., both
mathematically and subjectively), the resulting planning POA values will not accurately
represent the current situation, the consensus of planners or all the information available.
Therefore, caution must be exercised to ensure that any relevant previous searching is accounted
for with only one method after a new consensus is performed.

Summary

It has been shown that many values of interest to search planners, such as overall search
effectiveness to date (OPOScum), the relative (and absolute) POA values of the segments, and
even segment cumulative POD values, can be made available smply by tracking the non
normalized adjusted POA values. Although afull description of their use is beyond the scope of
this document, when used properly, OPOScum and the shrinking non-normalized POA values
provide clear indicators of when it may be time to consider other scenarios, or at least re-evaluate
the information used to create the current one. It has also been shown that tracking the non
normalized POA values preserves enough information about the searching done to date to permit
proper readjustment to account for a new consensus that changes the initial POA values. Finally,
in the quest for simplicity, a primary benefit of this practical application of search theory has
been demonstrated: it requires substantially fewer computations than previously suggested.

Exercises for the Reader (Answersin Sidebar 6, page 23)

1. Suppose search conditions in segments 1 and 3 (see Figure 2) were better than expected,
making the Coverage 0.7 (POD = 50%) in segment 1 and 0.6 (POD = 45%) in segment 3.
Compute the new adjusted POA and OPOScum values and create a new probability map
reflecting these results.

AdjPOA.doc — 3/20/2000 — © Copyright 2000 by DC Cooper 15



2. Suppose all segments are searched a second time to a Coverage of 0.36 (POD = 0.30). Adjust
all the POA values and compute the OPOScum.

3. Now, suppose new information comes to light and a new consensus is performed resulting in
the following new initial segment POA values: 1 — 10%, 2 — 40%, 3 — 20%, 4 — 30%. What
are the new adjusted POA values based on the new consensus and the two searches of each
segment that have already been completed? What is the new OPOScum value?
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Sidebars

Sidebar 1 — Notation Description

The first subscript (s) designates the segment The second subscript (n) designates the search
or region, i.e., segment s, in this example. number, i.e., search number n, in this example.

This is the adjusted POA value of
segment s prior to search k, and is
based on consensus c.

based on consensus c.
/// “k-1" designates the search just prior to search k.

POAS,n’C = POAS’k-]_‘C (1 - PODCUmS,(k'n))

This is the adjusted POA value of
segment s after search n, and is

The third subscript (c) designates the
consensus number; that is, consensus 1,
consensus 2, etc. This subscript will usually be
omitted and presumed to be 1 (the first

consensus) unless otherwise specified. . )
This is the cumulative POD for segment s

where (k,...n) is optional and denotes the
searches (k through n) included in the
computation. For example, PODcums 345
denotes the cumulative POD for searches
3,4, and 5 only in segment s.

If the (k,...n) subscript is not shown with
PODcums, the inclusion of all searches
(i.e., 1, ... n) in segment s is implied,
making k = 1 everywhere in this equation.
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Sidebar 2 — Accounting for Multiple Searches of a Segment

If one desires to account for multiple searches (and thus multiple POD vaues), one of the following
approaches must be used. To illustrate the point, five searches (searches 1, 2, 3, 4 and 5) will be
conducted in segment A1. In each example below, searches 1 and 2 have been completed and accounted
for in the adjusted POA. The examples show aternative methods for computing an adjusted POA that
accounts for al five searches. Note that all of the following equations are algebraic variations of equation

8.

1. Adjust POA after each individual search by dealing with each POD vaue one-at-a-time until al have
been accounted for. The following minor variation of equation [8] is computed after each search.

[8,] POAAl’n = POAA]_’n_l ’ (1 - PODA]_’n)
Where:

n goes from 3 to 5 to account for the third, fourth and fifth searchesin order.

POAA: » isthe adjusted POA vaue in segment Al for search n only.

POAA1 n1 iSsthe adjusted POA value in segment Al (based on the initial consensus POA vaue
established in segment Al) for the search just before n (e.g., n minusl).

PODas  isthe POD applied in segment Al for search n only.

2. Compute cumulative POD (PODcuma; 3 45) for the searches 3, 4 and 5 using equation [6] and then
multiply POA,; » (the adjusted POA just prior to the first of the multiple searches—after accounting
for search 2) by this value to get the new adjusted POA (POAa. 5. The following variation of
equation [8] is computed after searches 3, 4 and 5 have been completed.

[8”] POAA115 = POAA]_’Z, (1 - PODcumA1,(3,4,5))
Where:

POA,; s isthe adjusted POA value in segment A1 for all 5 searches.
POAA: 2 isthe adjusted POA vaue in segment Al for searches 1 and 2.
PODcum s 3,45 IS the cumulative POD accounting for searches 3, 4 and 5 only in segment Al.

3. Compute the cumulative POD (PODcumy) for al 5 searches in segment A1 using equation [6] and
multiply the initial (consensus) POAs o by this value to get the current adjusted POA.

[87] POAA15=POAAo" (1 —PODCUMAL(12345)

16:0,5,

Where;

POAA; s isthe adjusted POA vaue in segment Al for al 5 searches.
POAA; o istheinitial (consensus) POA value in segment Al prior to any searching.

equivalent to PODcum ,,, the conventional definition of cumulative POD.
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Sidebar 3 - Primary Equations

[8]
[9]
[10]

[3]

POAS’n = POAs'n.]_ ’ (1 - PODS’n)
POSCUms = POAS’O— POAs’n

OPOSCUm = SPOAS’O - SPOAsyn

m
OPOScum = § POScums

s=1
Where:

POA; , isthe adjusted POA value in segment s (based on the initial POA value
established in consensus ¢ for region or segment s) after al searches (hereafter, ¢
shall be presumed to be 1 unless otherwise specified). This value accounts for all
searching done to date in segment s.

POA; -1 isthe adjusted POA value in segment s (based on the initial POA value
established in consensus ¢ for segment s) for the specific search just before n
(e.g., n minusl). Thisvalue accounts for all searching done in segment s prior to
search n.

PODs \, isthe probability of detection for search nin segment s. Thisvalue is not a
cumulative value and indicates the POD for search n only.

POScums is the cumulative POS for segment s only. This value accounts for al
searching done in segment s.

OPOScum isthe overall cumulative POS. This value accounts for all searching done in
all regions and/or segments
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Sidebar 4 — Additional Useful Equations (Algebraic Equivalents)

[11] POAs = POAso” (1 — PODcums)
[12] PODcum s =1- gig%g
[13] POAsn = POAsn.1—POSs
[14] POAsn =POAs.1— (PODsn” POAs 1)
[19] POAs n = POAs o — POScumg
[16] POSsn = POAsn.1— POAs
[17] POScums = POAs,” PODcumg
18] PODcUm s:%
Where:

POAs  is the adjusted POA value in segment s (based on the initial POA value
established in consensus c for region or segment s) after all searches (hereafter, ¢
shall be presumed to be 1 unless otherwise specified). This value accounts for al
searching done in segment s up to and including search n.

POAGs n-1 isthe adjusted POA value in segment s (based on the initial POA value
established in consensus ¢ for segment s) for the specific search just before n
(i.e.., n minusl). This value accounts for al searching done in segment s prior to
search n.

PODs , isthe probability of detection for search nin segment s. Thisvaueis not a
cumulative value and indicates the POD for search n only.

POSs,, isthe POS for segment s for search n only. This value does not account for any
searching done in segment s before or after search n.

POScums is the cumulative POS for segment s only. This value accounts for all
searching done in segment s.

OPOScum isthe overal cumulative POS. This value accounts for al searching donein
all regions and/or segments.
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Sidebar 5 — Normalizing Values

Any time normalized POA values are desired for presentation purposes, the “normalization
factor” (S in Shea's [1988] notation), is computed as follows:

1. Compute the sum of all non-normalized adjusted POA values (S POA).

2. Divide this value by the sum of all the initial POA values (S POAs o; prior to any
searching or adjusting) to get the “normalization factor,” S. This step accounts for
initially defective distributions (when the sum of all initial POA values does not equal
100%). It is not needed if the initial distribution was complete.

3. Then, divide al the nonnormalized POA values by the “normalization factor” to get the
normalized POA values.
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Sidebar 6 — Exercise Answers

Exercise 1. Computing the new adjusted POA values for two more searches is done in the same
way that the first two searches were done. Figure 4 illustrates the use of equations [8] and [10]
and the resulting POA values after adjusting for segment 1 being searched to a Coverage of 0.7
(POD = 0.50), and Figure 5 shows the results of segment 3 being searched to a Coverage of 0.6
(POD = 0.45).

S POA =0.700 OPOScum =0.300
Seqg 2
Seg 1 0.1567
0.0968 Seg 3  Seg4
0.2903 | 0.1567

Figure 4 - Probability map showing adjusted POA values after three segments searched.

S POA =0.570 OPOScum = 0.430
Seqg 2
Seg 1 0.1567
Gtk Seg 3 | Seg 4
0.1597 | 0.1567

Figure 5 — Probability map showing adjusted POA values after all four segments searched.
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Exercise 2. To determine the new adjusted POA values for each segment following the second
search of each one, use equation [8] to apply the POD of 30% (0.3) to each previous adjusted
POA. Then use equation [10] to compute the value of OPOScum. Table 3 summarizes the
results.

Segment | POAso | PODs1 | POAg1 | PODs» | POAs, | OPOScum
1 0.1935 | 0.500 0.0968 0.300 0.0678
2 0.2581 | 0.393 0.1567 0.300 0.1097
3 0.2903 | 0.450 0.1597 0.300 0.1118
4 0.2581 | 0.393 0.1567 0.300 0.1097
Totals 1.0000 0.5699 0.3990 0.6011

Table 3 — Summary of results for Exercise 2.

Exercise 3. To determine the new adjusted POA values for each segment after the second round
of searches and a subsequent new consensus, the PODcums for each segment must first be
computed. Either equation [6] or [12] will work for this. However, equation [12] requires just
one division and a subtraction no matter how many searches of the segment have been done and
it does not require knowing the POD of any completed search. (All of those POD vaues have
already been accounted for in the POA adjustments, if done correctly.) Equation [6], on the
other hand, adds a term for each completed search and requires the search planner to look up the
POD of every completed search as input. Thus, equation [12] is the preferred method. Once the
PODcumys has been computed for each segment, equation [11] can be used to compute the
adjusted POA value which accounts for both the new consensus and all previous searches
(POAs n2)- The overal cumulative POS (OPOScum) can then be computed using equation
[10]. Table 4 summarizes these results and Figure 6 illustrates a probability map that accounts
for al previous searching as well as the new consensus.

Segment | POD, | POD,, | PODcums | POAso, | POA.1, | OPOScum
1 0.500 | 0.300 0.650 0.100 0.035
2 0.393 | 0.300 0.575 0.400 0.170
3 0.450 | 0.300 0.615 0.200 0.077
4 0.393 | 0.300 0.575 0.300 0.128
Totals 1.000 0.410 0.590

Table 4 — Results of two series of searches and a second consensus.
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S POA =0.410 OPOScum = 0.590

Seg 2

Segl 0.170

0.077 0.128

Figure 6 — Probability map showing adjusted POA values after
second consensus and accounting for all previous searching.
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