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Note:  Readers are encouraged to re-read Parts I and II.  We will be referencing them frequently.  Readers are also encouraged to have pencils, a scratch pad, some graph paper and a calculator handy.

Where to Search

Our first two articles dealt exclusively with the mechanics of searching.  We developed the concept of effective sweep width (detectability) and examined how sweep width, effort, coverage and probability of detection over an area are all related.  However, we did not discuss any issues related to where the searching should be done.  Our ultimate goal is to determine not only where to search in general, but also how to deploy the available effort in the most efficient manner.  An essential factor in deciding how much effort to place in each portion of the search area is an estimate of how the probability density is distributed over the search area.  Probability density (Pden) is simply defined as
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where POC (also called POA) is the probability that the search object is contained in some area and A is the size of that area.

Effective Search (or Sweep) Rate

Another important quantity we will need for our discussions here and for the optimal effort allocation discussions in Part IV is the effective search (or sweep) rate.  It is simply the product of the effective sweep width, W, and the search speed for which that effective sweep width is valid.  Stated as an equation,

[13]
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The effective sweep rate has units of area per unit time (e.g., square miles per hour).  As we will see in Part IV, the best placement of the available effort will depend on the interplay between probability density and effective sweep rate as one evaluates the search area looking for the best places to search during the next search cycle.
Probability Density Distributions and Probability Maps


A probability density distribution is usually represented by a probability map consisting of a regular grid. For the purposes of this discussion, we define a regular grid as one that forms geometrically identical square cells.  Each cell is then labeled with its POC value.  Since all cells are equal in size, a cell’s POC value is proportional to its Pden value.  This type of display has the dual advantages of showing at a glance both how much probability each cell contains and where the highest probability densities lie.  Although the POC and Pden values are not numerically equal, a cell with twice the POC value of another cell also has twice the Pden value of that other cell when a regular grid is used.  Figure 14 (on next page) is an example of a probability map.
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Figure 14

To determine where to search, we must first estimate where the lost or missing person could be.  This requires a careful, deliberate, thoughtful assessment of all the available information as well as the continual seeking of additional information from all possible sources.  “Available information” is an all-inclusive term referring to every scrap of evidence and data that might shed some light on the lost person’s probable locations.  In addition to data about a specific incident, statistical data from similar situations, such as lost person behavior profiles, can be very useful.  Historical data can also be useful, especially in popular recreational areas.  

In SAR situations, data is frequently obtained from a variety of sources and is often inconsistent.  However, such data also tends to form a number of self-consistent sets that each tell a “story” about what might have happened and where the lost person might be.  These “stories” are called scenarios.  Careful analysis of each scenario is then required to estimate the lost person’s probable locations if that scenario is true.  These estimates are then quantified as probability maps, thus defining that scenario’s probability density distribution.  The different scenarios are then subjectively “weighted” according to the search planner’s perceptions of their relative accuracy, reliability, importance, etc. and their probability maps are then combined appropriately.  Probability maps for different scenarios are generally combined by computing, for each cell in an area large enough to include all scenarios, the weighted average (using subjective scenario weights) of the cell probabilities from each scenario. 

Unfortunately, formal search theory does not shed much light on how go about turning an inconsistent body of evidence and data from a variety of sources into numbers on a probability map.  As Stone [5], one of the world’s leading authorities on search theory and its practical application, observes,  “One of the greatest difficulties in generating prior [to searching] probability maps is the lack of systematic, proven techniques for eliciting subjective inputs for search scenarios.”  He goes on to say, “In addition to obtaining subjective probabilities, we also have the problem of obtaining subjective estimates of uncertainties, times, and other quantitative information needed to form scenarios.”

Scenario development and analysis is a complex, difficult, mentally demanding task requiring a good deal of concentration, attention to detail, and mental discipline.  Appropriate resources should be dedicated to this task and insulated from the often frenetic, and always distracting, operational activities.  This frequently seems difficult to do in SAR situations.  The first impulse is to get as much search effort as possible into the field as soon as possible because statistics show that a lost person’s chances for survival decrease rapidly as time passes.  While there is nothing wrong with mounting a large initial effort (provided more effort is on the way) based on only a cursory evaluation of the situation, too often this is not followed up with a more deliberate evaluation and planning effort for subsequent searching should the initial efforts fail.  In a few publicized cases, it appears that lost persons who could have, and should have, been saved were not found in time – sometimes in spite of huge expenditures of effort in relatively limited areas.  This appears to have been a result, at least partially, of poor analysis and planning.

Probability Density and Its Importance

To understand why probability density is important, we will return to our floor-sweeping analogy where the density of sand covering the floor is comparable to probability density in a search situation.  We must also briefly jump ahead to optimal effort allocation; a topic discussed more fully in Part IV.  We will begin by extending our floor-sweeping analogy to a situation more complex than any we have discussed so far.

Consider a school gymnasium with a clear floor space measuring 50 meters by 30 meters for an area of 1,500 square meters (m2).  Suppose we divide the floor into four regions of unequal sizes so that region R1 covers 600 m2, R2 covers 400 m2, R3 covers 300 m2 and R4 covers 200 m2.  Suppose we cover each region uniformly with sand at the densities (in grams per square meter (g/m2) of floor space) shown in the third column of Table 1.  The values in the last two columns were computed from the corresponding area and density values in the second and third columns.  Figure 15 illustrates the situation.

Region
Area 

(m2)
Density of 

Sand (g/m2)
Amount of Sand 

Contained (kg)
Percentage of 

Sand Contained

R1
600
20
12
54.55%

R2
400
15
6
27.27%

R3
300
10
3
13.64%

R4
200
5
1
4.55%

Totals
1500
14.67
22
100.00%

Table 1
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Figure 15

Suppose we have only one sweeper, whose broom is B2 from our sweep width experiments (see Part I) and whose rate of motion anywhere in the gym is 0.5 m/sec (30 m/min) regardless of the density of the sand.  Finally, suppose our lone sweeper is available for only five minutes.  If we wish for our sweeper to remove the greatest possible amount of sand in the time available, where should the sweeping be done?

In five minutes, the sweeper can move the broom a distance of 150 meters.  In other words, the available effort, as defined in Part II, is 150 m. Since broom B2 is one meter in width, the sweeper could sweep an area of 150 m2.  This is less than the area of any of the four regions.  However, all other things being equal, the most productive place to sweep will be R1 because that is where the sand is most densely spread.  Recall that broom B2 is uniformly 50% effective across its one-meter width and therefore has an effective sweep width of only 50 cm (0.5m).  Recalling Equation [4] from Part II, 
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the area effectively swept  in five minutes is computed to be 150m ( 0.5m or 75 square meters.  From Equation [5] of Part II,
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a coverage of 75m2/150m2 or 0.5 is computed for the swept area.  If the sweeper uses perfectly straight, parallel tracks at a spacing of one meter, Figure 12 from Part II shows B2 will sweep up 50% of the sand initially present in 150 m2 of R1, or about 1.5 kg.  Sweeping one-fourth of region R1 in this manner will sweep up more sand in less time than any other application of the same effort within the gymnasium.  This is true because the density of the sand in R1 is higher than anywhere else, and it is tacitly assumed the effective sweep width and speed (i.e., the effective sweep rate) will be the same everywhere.  The unwary could fall into a trap at this point by jumping to the conclusion that density is the only variable that needs to be considered.  As we will see, the objective is to sweep up as much sand as possible in the least amount of time, taking into consideration any and all differences in both density and effective sweep rate from one region to another.  It is the combined effect of these two variables that determines where sand can be swept up most quickly.

Note that although R1 also contained the most sand, it was the high density, not the high percentage of sand contained in the region, that caused sweeping there first to be more productive than anywhere else.  In other words, when deciding where to place effort, the density of sand covering the floor in a region is far more important than the amount of sand contained there.  Therefore, how the density of sand is distributed over the gymnasium floor will have a great deal to do with how the available effort should be distributed over the floor in order to sweep up the maximum amount of sand.  Although density is not the only factor to consider when making effort allocation decisions, this brief example shows that it plays a major role.  

Creating Probability Density Distributions

As mentioned previously, constructing a probability density distribution from the available information and evidence can be a difficult undertaking.  In some cases, however, it is reasonable to assume a standard type of probability density distribution.  We will briefly describe two such distributions and then return to the more general problem.

Circular Normal Probability Density Distributions


When a distressed aircraft flying over a remote area or a distressed vessel at sea reports its position, the known characteristics of navigation make it reasonable to assume the actual position may be some distance from the reported position (at least this was true before GPS receivers became so readily available).  Analyses of these characteristics have shown that the actual positions often have a circular normal probability density distribution centered on the reported position.  (Actually, the more general elliptical bivariate normal distribution is more correct, but the circular normal is a satisfactory example for this discussion.)  For the mathematically inclined, the amount of probability contained (POC) in a circle drawn about the center of this type of distribution is given by
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where e is the base of the natural logarithms (( 2.71828) and R is the radius of the circle in standard deviations (().  (Note that for a circular normal distribution, the amount of probability contained within one standard 
deviation of the mean (center) is only about 39%, as compared to about 68% for the more familiar 
one-dimensional “bell curve.”  Readers who want more information about the statistics of bivariate 
(two-dimensional) data are encouraged to consult a standard text on statistics.)

The radius for which the POC is 50% is defined by statisticians as the probable error of the position.  The probable error defines the size of the circle where the chances of the actual position being inside the circle equal the chances of it being outside the circle.  If we center a regular grid on the reported position and compute the amount of probability contained in each cell, we get a probability map like that shown in Figure 16, where the radius of the dashed circle is the probable error.  The circle contains 50% of the probability.  The other 7.91% contained in the center cell comes from the area that is outside the circle but inside the cell in the four corners.
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Figure 16


Although situations where this type of distribution would apply are relatively rare in inland SAR (e.g., the forced landing of an aircraft in a remote area), they are much more common in maritime SAR.  Whenever it does apply, the search planner can estimate the probable error of a reported position and use Figure 16 (or a version with a finer grid) scaled to match the appropriate charts or maps, to plan the search.  Of course, it might be necessary to adjust both the reported position and the size of the probable error based on such factors as the glide characteristics of the distressed aircraft or the drift characteristics of a life raft from a ship that sank.

Uniform Probability Density Distributions


Suppose the pilot of an aircraft issues a mayday call giving his tail number but no position.  Assume checking the flight plan reveals that the aircraft was supposed to be engaging in a biological survey of a known wilderness area at the time, but no specific flight path was given.  If no other information is available, the search planner has little choice but to regard all parts of the area as equally likely to be the site of the distress.  This means the probability density is uniformly distributed over the area.  Figure 17 shows the probability map for a uniform probability density distribution.
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Figure 17

Generalized Probability Density Distributions


Although resorting to a “standard” probability density distribution is the easiest way to generate a probability map, it is not always possible to find one that adequately describes what the available evidence indicates about where the search object may be located.  This is a very common situation in inland SAR right from the start.  Even in maritime cases, what may have started out as a “standard” distribution often becomes generalized rather quickly due to the vagaries and uncertainties of oceanic drift.  The Coast Guard addresses this problem via its Computer Assisted Search Planning (CASP) system.  CASP takes both the known variations in winds and current from one place and time to another and their respective probable errors into account.  CASP then computes tens of thousands of independent drift trajectories using this data.  The end result might look something like the probability map shown in Figure 18.
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Figure 18

Estimating Probability Densities


Although formal search theory provides methods for optimally allocating effort once a probability density distribution has been defined, it does not shed much light on how to evaluate evidence, clues, historical data, lost person behavior profiles, etc., and use those evaluations to create a corresponding probability density distribution.  While we cannot offer much guidance at this point about assessing the available information and data, we can examine some possible methods for assigning numeric values to those assessments.


Let us return to the gymnasium floor described above and shown in Figure 15. We now obtain an undistorted photograph of the entire floor from a point directly above its center and make three copies.  Like Figure 15, there is enough contrast for a person to discern the four regions and the fact that the density in R1 is greater than that in R2 which is greater than that in R3 which is greater than that in R4.  Finally, we arrange to have three floor sweepers, Tom, Dick and Mary, participate in some experiments.


Clearly, this is not a very realistic analogy for the kind of evidence a search planner would have to evaluate.  Nevertheless, the examples that follow will provide some valuable insights into certain kinds of problems that can arise when attempting to translate assessments into probability maps.

Estimating Containment Percentages Directly

We begin by showing Tom (in isolation from the others) one of our photographs.  We ask him to mark off the four regions and estimate what fraction of the sand is in each.  We will call this fraction the percentage of containment (poc).  Tom will likely regard this as a difficult assignment.  It is clear that R1 covers a little less than half the floor’s area but it is also clear that the sand is more dense there than anywhere else.  Tom must weigh both factors when making his estimate.  Table 2 summarizes Tom’s estimates of how much sand, as a percentage of the total, each region contains.  Compare the estimated percentages and the computed amounts and densities to the corresponding quantities in Table 1.

Tom’s Assessments

Region
Area

(m2)
Estimated

poc
Computed Amount

of Sand (kg)
Computed

Density (g/m2)

R1
600
50%
0.50 x 22 = 11.0
11,000/600 = 18.33

R2
400
30%
0.30 x 22 = 6.6
6,600/400 = 16.50

R3
300
15%
0.15 x 22 = 3.3
3,300/300 = 11.00

R4
200
5%
0.05 x 22 = 1.1
1,100/200 = 5.50

Totals
1500
100%
22.0
22,000/1500 = 14.67

Table 2


The estimated percentages of containment, though imperfect, are actually very good, producing densities that are reasonably accurate and in about the correct relationship to one another.  In Part IV, we will see that using these densities would cause a less-than-optimal level of effort to be assigned to region R1, and more-than-optimal amounts of effort to be assigned to the other three regions.  (In this context, an “optimal” allocation of effort is the one that causes the greatest amount of sand to be swept up in the shortest amount of time.)  Although the resulting sweeping (search) plan would be sub-optimal, it would not be dramatically so.

Ranking the Regions


We now call in Dick, give him one of our photographs, and ask him to mark off the four regions. We then ask him to rank the regions, using letters, by the amount of sand each one contains.  Since there are four regions and it is pretty obvious all contain different amounts of sand, Dick chooses to use the letters A through D, with A denoting the region with the most sand.  Dick finds this a very easy task, and his rankings, along with the percentages and densities they imply are shown in Table 3.  

Dick’s Assessments

Region
Letter

Designation
Numeric

Rank
Computed

poc
Computed Amount

of Sand (kg)
Area

(m2)
Computed

Density (g/m2)

R1
A
4
4/10 = 40%
0.4 x 22 = 8.8
600
8,800/600 = 14.67

R2
B
3
3/10 = 30%
0.3 x 22 = 6.6
400
6,600/400 = 16.50

R3
C
2
2/10 = 20%
0.2 x 22 = 4.4
300
4,400/300 = 14.67

R4
D
1
1/10 = 10%
0.1 x 22 = 2.2
200
2,200/200 = 11.00

Totals

10
10/10 = 100%
1.0 x 22 = 22.0
1500
22,000/1500 = 14.67

Table 3


Although the percentages reflect Dick’s ranking, they are not very accurate.  The computed densities are also inaccurate.  As a result, the values computed from Dick’s ranking fail to represent the photographic evidence and also fail to approximate the actual values as closely as Tom’s estimates in three of the four regions.  Although the simple ranking method was very easy in this case, we must conclude that it did not produce valid densities on which to base an optimal sweeping (search) plan.  Clearly, there is something wrong with this technique.

Ranking the Regions – Again

We now call in Mary and present her with the same problem as Dick, (i.e., ranking by letters).  We want to see if the difficulty we just experienced will repeat itself.  She marks the boundaries of the four regions on the photograph but then goes a step further.  She draws a grid on the photograph that is three cells wide by five cells long dividing the floor into 15 square cells of equal size.  Conveniently, each region is comprised of a whole number of cells.  She then ranks each cell using the same four-letter ranking scale Dick used.  Each cell in region R1 is ranked as “A,” each cell in R2 is ranked as “B,” each cell in R3 is ranked as “C” and each cell in R4 is ranked as “D” as shown in Figure 19.
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Figure 19


Grouping the cells by region, she gets the results shown in Table 4.

Mary’s Assessments

Region
Letter

Rank
Numeric 

Rank
Computed Cell

poc
Computed Region 

poc
Computed Amount

of Sand (kg)
Computed Density

(g/m2)

R1
6 x A
6 x 4 =  24
4/44 = 9.09%
6 x 9.09 = 54.55%
0.5455 x 22 = 12
12,000/600 = 20

R2
4 x B
4 x 3 =  12
3/44 = 6.82%
4 x 6.82 = 27.27%
0.2727 x 22 =   6
6,000/400 = 15

R3
3 x C
3 x 2 =    6
2/44 = 4.55%
3 x 4.55 = 13.64%
0.1364 x 22 =   3
3,000/300 = 10

R4
2 x D
2 x 1 =    2
1/44 = 2.27%
2 x 2.27 =   4.55%
0.0455 x 22 =   1
1,000/200 =   5

Totals

44

100.00%
22
22,000/1500 = 14.67

Table 4


At first glance, it appears Mary may have stumbled upon a perfect method since the regional percentages of containment, amounts of sand and densities computed from her assessments are all exactly correct!  Further consideration may indicate that she was just lucky.  The numeric values assigned to the letters in our ranking scale happen to be exactly proportional to the actual cellular percentages of containment.  Multiplying each of the numeric ranking values (4, 3, 2, and 1) by 2.27 produces the actual cell poc values (9.09, 6.82, 4.55, and 2.27).  From another, equivalent, point of view, we can say the numbers 4, 3, 2 and 1 are in the same relationship to one another as the different cell percentages (e.g. 9.09/6.82 = 4/3).


It is worthwhile at this point to note the relationship of the ranking values to the densities.  Multiplying each of the ranking values (4, 3, 2, and 1) by five produces the density values (20, 15, 10, and 5).  This means these two sets of values are also proportional to one another, just as in the case of the cellular percentages of containment.  This in turn means Mary could have used any smaller grid size she liked (e.g., one with 5 m x 5m cells), assigned letter values to each in the same way (e.g., 24 A’s, 16 B’s, etc.) and obtained the correct results for regional percentages and densities.  She also could have dispensed with the grid altogether and used the areas of the regions in place of the number of cells in Table 4.  


From Mary’s assessment using a regular grid of cells, we may produce a “map,” like that in Figure 20, showing how the sand is distributed.  Note that on this “map”, higher percentages imply proportionately higher densities. 
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Figure 20


Mary’s good fortune illustrates an important lesson for search planning:  Whenever an assessment value is assigned to a subdivision of the possibility area, that value must be proportional, in a precise mathematical sense, to the subdivision’s probability of containing the search object.  Similarly, the assessment values must reflect the correct relationships among the subdivisions.  If  one subdivision is assessed as an “8” and another as a “4,” the implication is that the first subdivision is twice as likely to contain the search object as the second.  If the evaluator does not agree with this implication, then he has chosen one or both values incorrectly.

An Assessment Based on Density Estimates


It might have been an interesting exercise to ask the sweepers to estimate, from the photograph, the relative densities in the regions instead of percentages of containment.  Such estimates could have been applied to the areas of the regions to get estimates of the relative amounts of sand contained in each.  Then, these relative amounts could have been used to compute the percentages of containment.  The results might have been both more accurate and more consistent if this had been tried.  For example, suppose an evaluator had estimated from the photograph that the density in region R3 was twice that of region R4, the density in R2 was three times that of R4 and the density in R1 was four times that in R4.  Table 5 shows how the percentages of containment could be computed from these relative density estimates.

Density-based Assessments

Region
Area

(m2)
Relative

Density
Relative Amount of Sand
Computed

poc

R1
600
4
600 x 4 = 2400
2400/4400 = 54.55%

R2
400
3
400 x 3 = 1200
1200/4400 = 27.27%

R3
300
2
300 x 2 =   600
600/4400 = 13.64%

R4
200
1
200 x 1 =   200
200/4400 =   4.55%

Totals
1500  

4400
4400/4400 = 100%

Table 5

Another Short Exercise


To show that an assessment method works in general if the assessment values accurately represent the relative proportions of the percentages of containment, suppose we sweep the gymnasium floor clean and set up a new experiment as illustrated in Figure 21.
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Figure 21


We will use the same regions and densities as before but distribute the sand as follows:  5 g/m2 in R1, 10 g/m2 in R2, 15 g/m2 in R3 and 20 g/m2 in R4.  This means R1 will contain 3 kg of sand, R2 will have 4 kg, R3 will have 4.5 kg and R4 will have 4 kg for a total of 15.5 kg.  Knowing the previous four-letter scale produces numbers that are in the correct proportions for these densities when using Mary’s cellular method, we can use these letters again with confidence to produce Table 6. 

Cellular Assessment of Figure 21

Region
Letter

Rank
Numeric 

Rank
Computed Cell

poc
Computed Region 

poc
Computed Amount

of Sand (kg)
Computed Density

(g/m2)

R1
6 x D
6 x 1 =  6
1/31 =   3.23%
6 x 3.23 = 19.36%
0.1936 x 15.5 = 3.0
3,000/600 =   5

R2
4 x C
4 x 2 =  8
2/31 =   6.45%
4 x 6.45 = 25.81%
0.2581 x 15.5 = 4.0
4,000/400 = 10

R3
3 x B
3 x 3 =  9
3/31 =   9.68%
3 x 9.68 = 29.03%
0.2903 x 15.5 = 4.5
4,500/300 = 15

R4
2 x A
2 x 4 =  8
4/31 = 12.90%
2 x 12.90 = 25.81%
0.2581 x 15.5 = 4.0
4,000/200 = 20

Totals

31

100.00%
15.5
15,500/1500 = 10.33



Table 6


Note that it would be more difficult to apply a simple ranking system to this distribution than the previous one because it is much less obvious which region contains the most sand and which contains the least.  However, even if we use the correct regional poc values from Table 6 as the basis for a simple ranking, the results will be inaccurate. Table 7 shows the percentages, amounts of sand, and densities that would be computed from such a simple ranking.  Compare these to the correct values in Table 6 above.

Simple Ranking Assessment of Figure 21

Region
Letter 

Designation
Numeric 

Rank
Computed 

poc
Computed Amount

of Sand (kg)
Computed Density

(g/m2)

R1
C
1
1/8 = 12.5%
0.125 x 15.5 = 1.9375
1,937.5/600 =   3.23

R2
B
2
2/8 = 25.0%
0.250 x 15.5 = 3.8750
3,875.0/400 =   9.69

R3
A
3
3/8 = 37.5%
0.375 x 15.5 = 5.8125
5,812.5/300 = 19.38

R4
B
2
2/8 = 25.0%
0.250 x 15.5 = 3.8750
3,875.0/200 = 19.38

Totals

8
100.0%
15.5000
15,500/1500 = 10.33



Table 7

We must again emphasize that if assessment values are to produce accurate and valid probability of containment (POC or POA) estimates, the value assigned to each region, cell, segment, or any other subdivision of the search area, must be mathematically proportional to that subdivision’s probability of containment.  Stated another way, the assessment values assigned to the various subdivisions must be in the correct proportions to one another across the search area as a whole.

Analysis of Results


Tom had difficulty coming up with correct values because he had to mentally estimate percentages of containment by balancing the sizes of the regions against their apparent relative densities.  Nevertheless, he was able to produce reasonably satisfactory results for this very simple problem.  It is unlikely he would do as well with a more complex situation, such as that represented by Figure 21.


Dick’s simple rankings produced unsatisfactory estimates of both percentages of containment and densities.  A simple ranking does not address the essential proportionality relationships needed for estimating these values.  Therefore, simple ranking systems should not be used since they produce inconsistent and misleading results.


Mary solved Tom’s problem with unequal areas by using a regular grid.  A grid worked well for this problem, but grids may not work as well in situations where irregular geographic features are a significant factor in assessing where the lost person is likely to be.  Because Mary was also fortunate enough to be using assessment values that were in the same proportions as the actual densities (and cellular percentages of containment), her results were exactly correct.  In a sense, Mary was not ranking the cells as much as she was rating them on a scale of 1 to 4 – a scale that happened to provide exactly the values she needed.

Proportional Assessment


Since correct proportionality is so important, we need a procedure for making proportional assessments that is more dependable than Mary’s happy accident.  One such procedure is for each evaluator to decide which region contains the most sand (probability) and then rate all other regions against this “standard.”  For example, suppose Dick had rated the regions of Figure 15 on a scale of, say, 1 to 10 with R1 being assigned a value of 10.  If he then decided that R2 contained a little more than half as much sand as R1, he might have rated it with a value of 6 (i.e., as containing about 60% as much sand as R1).  Similarly, he might have rated R3 with a value of 3 (30% as much sand as R1) and R4 with a value of 1 (only 10% as much sand as R1).  If Dick had chosen these proportional assessment values, his results would have been much closer to the actual values shown in Table 1.  In fact, his results would have been identical to Tom’s in Table 2, as shown in the table below.   
Proportional Rating Assessment of Figure 15

Region
Area

(m2)
Proportional Assessment
Computed 

poc
Computed Amount

of Sand (kg)
Computed Density

(g/m2)

R1
600
10
10/20 = 50%
0.50 x 22 = 11.0
11,000/600 = 18.33

R2
400
6
6/20 = 30%
0.30 x 22 =   6.6
6,600/400 = 16.50

R3
300
3
3/20 = 15%
0.15 x 22 =   3.3
3,300/300 = 11.00

R4
200
1
1/20 =   5%
0.05 x 22 =   1.1
1,100/200 =   5.50

Totals
1500  
20
100%
22.0
22,000/1500 = 14.67

For Figure 21, using the same 10-point scale and proportional assessments of 6, 8,10, and 8 for R1 – R4 respectively would have produced regional poc values of 18.75%, 25%, 31.25% and 25% respectively.  These are very close to the correct values shown in Table 6.  (The reader is encouraged to verify these figures and compute the amounts of sand and densities as an exercise.)  It is important to understand that simply sorting the regions into a list in descending order of percentage of containment does not provide enough information to reliably estimate what those percentages are.

Obtaining meaningful Probabilities of Containment REQUIRES
the use of a Proportional Assessment Technique.


Another way to solve the problem of unequal areas, from a mathematical standpoint at least, is to use a proportional assessment technique to estimate the relative densities and use them in conjunction with the regional areas to compute percentages of containment.  Table 5 above illustrated how this could be done.  

Containment vs. Density Estimates


It is important at this point to reconsider the question posed at the end of Part II:  If two regions of different sizes are each assessed as being “very likely” to contain the search object, does it mean 

a) their probabilities of containment are both equally high 

or 

b) their probability densities are both equally high?  


When an evaluator believes a particular portion of the search area is “very likely” to contain the search object he could mean one of two things:  

i) Considering all pertinent data, this portion of the search area is very likely to contain the search object irrespective of its size as compared to the other portions.  In this case, he is estimating a relative probability of containment.

ii) Considering all pertinent data, this portion of the search area is very likely, relative to its size, to contain the search object as compared to the other portions in relation to their sizes.  In this case, he is estimating relative probability density.


When it comes to computing probability densities for use in the optimal allocation of effort, the distinction between these two interpretations is of paramount importance.  A small portion of an area may have a high probability density and a low probability of containment.  On the other hand, a large portion may have a low probability density but a high probability of containment.  A small portion with a high probability of containment will necessarily have a high probability density.  Similarly, a large portion with a high probability density will necessarily have a high probability of containment.  It is easy to become confused, and it is necessary to take conscious steps to avoid such confusion.  It all boils down to exactly how the evaluator accounts for differing sizes among the regions, segments, etc., comprising the search area.  The evaluator’s mode of thinking (containment vs. density) may in turn depend on the nature of the available information.  When using a regular grid or other arrangement where all the basic subdivisions of the search area have the same size, the evaluator is freed from this potential point of confusion.  In this situation, an estimate of the relative probability densities is also an estimate of the relative probabilities of containment and vice versa.


Using the densities of sand on different parts of a floor as an analogy for probability density, readers are encouraged to develop a probability map for Figure 21 using Table 6.  (The correct answer is contained in this article.)  Readers are also encouraged to make up their own exercises, like those above, and develop the corresponding probability maps.  This practice will provide a deeper understanding of the concepts involved.

Proper Use of Probability Density


We must pause again for a preview of things to come if we are to avoid leaving false impressions from our simple examples.  So far, the only variable we have considered is probability density and the only problem we have really considered is where to place the first small increment of effort.  (Recall that a searcher’s effort is defined as the distance traveled by the searcher while searching, or, equivalently, the searcher’s speed times the amount of time spent searching.)  We have looked at the effects of density differences while keeping speed and sweep width (i.e., the effective sweep rate) constant in order to give a simple demonstration of why probability density is important.  We have not yet tried to show how variations in probability density should be used in the more complex, and more typical, effort allocation problems that also involve variations in effective sweep rates as well as the simultaneous placement of significant numbers of resources in different parts of the search area.  Therefore, readers should not jump to the conclusion, for example, that regions, segments, cells, etc., should be searched in descending order of probability density.  Unfortunately, the answer is not that simple.


The ultimate issue for the search planner is determining how the available effort should be apportioned among the various parts of the search area.  A simple ranking might tell the planner where to send a single resource initially, but it does not tell him how to distribute a number of resources over the area as a whole.  In other words, if we are to make the best use of our resources, we must know not only where to place effort, but how much of the available effort should be placed in each part of the overall search area.  The probability densities in the various portions of the search area are an important factor to consider.  Other equally important factors include the effective search (or sweep) rates in the different portions of the search area as well as the sizes (areas) of those portions.  In Part IV - Optimal Effort Allocation, we will see how the combined effects of all these factors affect the choice of areas where effort should be placed and how much of the available effort should be assigned to each in order to maximize the probability of a successful outcome.

Creating Generalized Probability Density Distributions


Whenever search planners outline areas on a map or chart and assign probability values to them, they are creating a probability density distribution, regardless of whether they are thinking of their estimates in that way.  A good estimate of how the probability density is distributed over the possibility area is an essential input when deciding how to deploy the available effort so we maximize our chances for finding the lost person in the minimum amount of time.  Therefore, we must be very careful about how subjective assessments are translated into probabilities of containment (POCs) with their corresponding probability densities (Pdens).  As we have just seen, even when there is evidence as good as a photograph showing how the density is distributed (something that will never be available for search planners), significant problems can arise from some techniques of turning subjective estimates into numeric values.  All of the available evidence bearing on where the lost person might be during the next set of search sorties needs to be carefully evaluated in a way that will produce a valid estimate of how the probability density is distributed.  Although very subjective assessments will always be necessary and current practices typically produce estimates of probabilities of containment, evaluators should be aware of the important role the probability densities computed from their POC estimates will play in finding the optimal distribution of effort.

Estimating probabilities of containment (POCs) for SAR situations remains a very subjective and a very difficult task for which no simple solutions exist.

Some Things to Consider


We will now offer some additional thoughts for SAR managers and search planners to consider.  


a.
Pre-planned Searches:  If historical records are available for an area of responsibility (AOR) where SAR incidents are relatively frequent, consider analyzing those records for historical trends and insights into where lost persons are most often found.  Consider building historical probability maps and developing optimal search plans for them (after reading Part IV) for use in initial searches while the evidence pertinent to a specific incident is being carefully evaluated.  Consider working with a professional statistician or practitioner of operations research while doing this work.


b. Assessing the Evidence and Other Data/Information:  When a SAR incident arises, one, or preferably more, persons should evaluate the evidence, clues, historical data, behavior profiles, etc., and develop estimates of where the lost person is likely to be.  This topic alone could be the subject of many articles or even books.  For now, it is important to emphasize the requirement for carefully evaluating the body of available, often conflicting, evidence to extract as much information as possible about the lost person’s probable locations. Evaluators should develop a number of scenarios compatible with self-consistent subsets of the available data.  The different scenarios should then be weighted according to their relative likelihood of representing the true situation. However, evaluators should strive to avoid “over-assessing” the evidence used in individual scenarios.  When making estimates that will ultimately be used to produce probability maps, evaluators must resist the temptation to make distinctions between cells, regions, segments, etc. that are finer, or more detailed, than the available evidence will support.  Recall the example above of the light aircraft being used to survey a wilderness area.  If there truly were no further information available from any source, it would be difficult to justify anything other than a uniform probability density distribution for the scenario of the plane going down while engaged in survey operations in the area.


c. Assumptions vs. Facts:  Evaluators need to clearly document assumptions they make when developing possible scenarios and keep them separate from the known facts.  An assumption, if repeated too often and questioned too seldom, gradually takes on the appearance of fact and can lead to something called “scenario lock.”  “Scenario lock” occurs when planners become fixated on a particular (and not always the most likely) scenario to the exclusion of all others.  Such fixations may lead planners far astray and result in significant delays or even complete failures. This unsatisfactory situation can arise from basing an extended search on an initial cursory assessment that is never revisited.  Therefore, it is important to conduct regular re-evaluations to account for new evidence (including negative search results), re-evaluate assumptions, and prevent “scenario lock.”


d. Assessments and Planning vs. Operations:  Evaluators should concern themselves only with evaluating the available evidence.  Such things as the logistical and management problems associated with the conduct of search operations should not be allowed to affect the evidence assessment process.  The ultimate objective of evidence assessment is a probability map that correctly reflects the evaluators’ assessment of the available data.  In other words, it is the job of the evaluators to ascertain, to the best of their abilities, the meaning of the available evidence and data in the context of the current incident and quantify that meaning via a probability map.  Once a probability map has been constructed from the assessment results, then search planners can proceed, via the methods to be described in Part IV, to determine how to distribute the available effort to the greatest advantage.  Once this is done, search managers can work out the details of how subdivide regions into manageable segments, how to deploy and recover the search resources, etc.


e. A Process of Elimination:  Like many other types of investigations, SAR cases are “solved” largely by a process of elimination.  In SAR, the objective is to eliminate uncertainty about the lost person’s location and condition.  Searching is but one of many tools used in the process for eliminating this uncertainty.  However, it is by far the most involved, expensive and risky tool, and one that is used only when it is believed the lost person is in imminent danger.  These are characteristics that require searching to be done in the most efficient, effective manner possible and justify significant investment in the assessment of evidence, planning of searches, and search planning aids, such as computer programs to compute optimal effort allocations and keep track of search results.
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