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Introduction

This is the first in a series of four articles that, as a group, attempts to present the fundamental principles of search theory in layman’s terms.  Collectively, these articles are intended to ground the reader in some of the basic principles and terminology of search theory in an easy-to-understand manner. While these articles may include some comments on how aspects of search theory relate to SAR, practical application (such as specific search procedures based on the theory) is beyond the scope of this particular series. Before we can begin, however, we must lay down some ground rules, express some caveats, and make some disclaimers.


The principles of search theory described in this series of articles have been established by the scientific community over the last fifty years, and may be found in various university-level textbooks and in scientific journals.  Unfortunately, these sources express the principles of search theory in the language of higher mathematics, making them all but unreadable for non-mathematicians.  The objective of these articles is to remove this impediment to understanding the basic concepts of search theory by translating the mathematics into analogies that are easier to grasp.


Most of the terms used in this series of articles are taken from either the scientific search theory literature itself or the U. S. National Search and Rescue Manual.  (Where there is overlap, these two sources are consistent.)  Terminology is important for understanding search theory’s basic principles.  However, many terms used herein have also been used elsewhere with different, and sometimes vague or even contradictory, meanings.  Therefore, to gain a full appreciation of the material being presented, the reader may need to set aside familiar concepts and definitions from other informal discussions of “search theory”.


Although the author has striven for clarity and simplicity, it should be no surprise if several careful re-readings and some computation are necessary to grasp the concepts involved.  Search theory is not simple and intuitive; many of its concepts are difficult to understand after only an initial exposure.  Readers who have been exposed to other treatments of this subject that may not have adhered as strictly to precise terminology or the underlying scientific research are likely to have the most difficulty.


Finally, the principles of search theory represented here are not the opinions (or theories) of this author.  The author’s role is merely that of translator and messenger.  Some readers may see challenges to cherished concepts that have come to be accepted as “conventional wisdom.”  Addressing these situations would require far more than the available space.  With this in mind, comparisons with other informal descriptions of “search theory” will be deliberately avoided and we will confine ourselves to what may be obtained from the scientific literature.

History

The theory of how to search for lost, missing, hidden and even evasive objects has been a subject of serious scientific research for more than fifty years.  It is a branch of the broader applied science known as operations research.  The term operations research can be traced to work done during World War II in support of the war effort.  At that time, operations research was an apt title since the objective was to find the most efficient and effective ways for conducting military operations.  During the war, one important type of military operation was, in fact, searching.  Searches were conducted to locate the enemy, and to locate and recover one’s own lost or missing personnel or those of one’s allies.  In more recent years, the principles of operations research have been applied to a wide variety of problems that involve making good decisions in the face of uncertainty about many of the variables involved.  These problems often do not involve “operations” in the classical sense, and so the term operations research has become an anachronism to some extent.  However, the original meaning is very close to the subject we want to discuss ( namely, effective, efficient ways of searching for lost or missing persons.


B. O. Koopman [1, 2] did the initial work on search theory during World War II for the U. S. Navy.  The Navy’s primary search objects were enemy ships and submarines, and its own downed fliers adrift on the ocean.  Koopman had to first develop the general principles of search theory before he could get down to the specifics of naval problems.  These fundamental principles, which apply to all types of searches for lost or missing objects, are the principles we will be discussing.

A Search Analogy


To avoid descending too deeply into the pit of mathematics, we will need to discuss a common, easily visualized activity that can be used as a model, or analogy, for searching.  So, let us pick the mundane activity of sweeping floors as an analogy for “sweeping” an area in search of a lost or missing person.  We will use this analogy to describe hypothetical experiments that illustrate the basic principles of search theory.


Suppose we wish to compare the performance of four different push broom designs.  In the first design, the broom head is one-half meter (50 cm) in width and has fine, closely-set bristles.  In the second design, the broom head is a full meter in width but the bristles are more coarse and not as dense as with the first broom.  The third broom is two meters in width with bristles that are even coarser and less dense than those of the second design.  The fourth broom is again one meter in width, but it is a hybrid design where the center 20 cm is identical to the first broom, the 20 cm sections to the right and left of the center section are identical to the second broom, and the outboard 20 cm sections at each end are identical to the third design.  Figure 1 shows a schematic representation of the four different designs.  We construct the brooms and label them as B1, B2, B3, and B4 respectively.
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Figure 1 


In our first experiment, we want to know how the brooms compare to one another on a single sweep through a previously unswept area.  To perform this test, we choose a smooth floor and mark off a square test area measuring 10 meters on a side.  Using sand to simulate dirt on the floor, we cover the test area lightly, and uniformly, so that the “density” of sand is 10 grams per square meter (g/m2) of floor surface.  We then push each broom in a straight line from one side of the test area to the other at a constant speed of 0.5 m/sec (1.8 km/hr or a little over 1 mph), collect the sand that was swept up, and weigh it.


When B1 is pushed through the test area, it appears to do a very good job.  In fact, it makes a “clean sweep” with a width of 0.5 meters (the width of the broom head), as illustrated in Figure 2.  
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Figure 2


It swept up 50 grams of sand ( all the sand within the 0.5 m x 10 m swept area.  Thus we may say that B1 is 100% effective out to a distance of 25 cm either side of the center of its track, and, because of the physical limitation of the broom’s width, it is completely ineffective at greater distances.  The maximum lateral (side-to-side) range of the broom is 0.25 meters from the center of its track.  Finally, since it took 20 seconds to traverse the 10-meter “test course,” B1 swept up the sand at the average rate of 2.5 grams per second.


Broom B2 is not as thorough as B1, but it makes a swath twice as wide as illustrated in Figure 3.  
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Figure 3


When the sand from B2 is weighed, it turns out that it too swept up 50 grams of sand.  As a quick calculation will show, B2 swept up 50% of the sand in the one-meter-wide swath it made.  Further analysis shows that all parts of the broom performed equally, and both the sand swept up and that left on the floor were uniformly distributed across the width of the swath. Thus B2 is 50% effective out to a distance of 0.5 meters on either side of the center of its track, and completely ineffective beyond that distance.  The maximum lateral range of B2 is 0.5 meters from the center of its track.  Just as with B1, broom B2 swept up the sand at the average rate of 2.5 grams per second.


Broom B3 is even less thorough than B2, but it makes a swath twice as wide as B2 and four times as wide as B1, as shown in Figure 4.  
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Figure 4


Furthermore, it too sweeps up 50 grams of sand and is found to be uniformly 25% effective over the two-meter swath it makes.  The maximum lateral range is one meter either side of track and it swept up sand at the same rate of 2.5 grams per second.


Finally we push B4 through an unswept portion of the test area.  When the sand from B4 is weighed, again we find we have 50 grams!  More detailed analysis shows the center section made a clean sweep 20 cm wide, getting 20 grams of sand in the process.  The two adjacent 20-cm sections swept up 10 grams of sand each for another 20 grams.  This amounts to 50% of the sand present in the two corresponding 20-cm strips on the floor.  Finally, the two outboard 20-cm sections got only 5 grams of sand each, which means they were only 25% effective in their respective strips.  Figure 5 illustrates the uneven performance of broom B4.
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Figure 5


Based on the physical size of B4, the maximum lateral range of B4 is 0.5 meters from the center of its track.  Finally, just as with the other brooms, B4 swept up the sand at the average rate of 2.5 grams per second.


If we graph each broom’s performance profile as the proportion of dirt (pod) lying in the broom’s path that is swept up across the width of the broom head as it moves forward, we get the graphs shown in Figure 6.
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Figure 6 


When looking at how the four brooms performed, we see that all four swept up the same amount of sand at the same rate under the conditions of our experiment, even if each broom did so in a different way.  How can we characterize their “equivalent” performance?  Note that the amount of sand swept up by each broom (50g) is exactly the amount found in a strip 50 cm wide and 10 m long.  In fact, it is easy to show that no matter how far each broom is pushed under these same conditions, it will sweep up the amount of sand found in a strip 50 cm wide over the length of the broom’s movement.  That is, we can say the effective sweep width of each broom when moving at 0.5 m/sec, for the purposes of computing the amount of sand swept up, is 50 cm (or 0.5 m).  If we convert the percentages on the vertical axes of Figure 6 to decimal values (e.g., 100% = 1.0), the amount of area “under the curve” (the shaded areas in the figure) is exactly equal to the effective sweep width in each case.  As we shall see, this is not a mere coincidence.  The results of our experiments and some values of interest that may be computed from them are shown in the table below.  Although the utility of some of the computed values may not be immediately apparent, their usefulness will become clear in the subsequent parts of this series.


Broom B1
Broom B2
Broom B3
Broom B4

Broom Width
0.5 m
1.0 m
2.0 m
1.0 m

Maximum Lateral Range
0.25 m
0.5 m
1.0 m
0.5 m

Bristle Density
Dense
Less dense
Much less dense
Composite

Broom Effectiveness (avg.)
100 %
50 %
25 %
50%

Sand "Density"
10 g/m2
10 g/m2
10 g/m2
10 g/m2

Sweeping Speed
0.5 m/sec
0.5 m/sec
0.5 m/sec
0.5 m/sec

Time
20 sec
20 sec
20 sec
20 sec

Distance Moved 
10 m
10 m
10 m
10 m

Area Swept 
0.5 m x 10 m
1.0 m x 10 m
2.0 m x 10 m
1.0 m x 10 m

Amount of Sand Swept Up
50 g
50 g
50 g
50 g

Average Sand Removal Rate
2.5 g/sec
2.5 g/sec
2.5 g/sec
2.5 g/sec

Effective Sweep Width
0.5 m
0.5 m
0.5 m
0.5 m

Area Effectively Swept
0.5 m x 10 m
0.5 m x 10 m
0.5 m x 10 m
0.5 m x 10 m

Effective Sweep Rate
0.25 m2/sec
0.25 m2/sec
0.25 m2/sec
0.25 m2/sec


The results tabulated above are valid only for situations that are exactly like our experiment.  If we change the speed at which the brooms are pushed, use another surface (e.g., the asphalt in the parking lot), or use BBs instead of sand, we may or may not get the amount of sand (or BBs) found in a 50 cm swath along the tracks.  Likewise, the four brooms may or may not continue to perform “equivalently” with respect to one another.  We need a more general definition of effective sweep width for it to be useful.


We may define effective sweep width of a broom moving over the floor at a certain speed as the ratio of the amount of material swept up per unit time to the product of the density (amount per unit area) of material covering the floor and the broom’s rate of travel.  This definition is easier to grasp when written as an equation:
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The term amount of material could mean any quantitative measure of the material, including grams of sand (as in our experiment), number of objects (such as number of BBs), volume of a liquid (e.g., for sponge mop evaluation), etc.  Also note that we are using “effectiveness” to mean “has the same effect as” according to some agreed-upon measurement (grams of sand swept up, in this case).  We could have used the word “equivalent” in place of the word “effective” whose usage here is taken directly from the scientific literature.  Readers are invited to substitute “equivalent” for “effective” if it makes the articles in this series easier to understand.  The important thing to note is that the modifier “effective,” as used here does not imply a broom is only, or even highly, effective over a swath having a physical width equal to the effective sweep width.  When we say that all four brooms have an effective sweep width of 50 cm, we are saying that all four sweep up the amount of sand found on the floor in a swath 50 cm wide.  Only broom B1 does this in a literal sense.  All of the others sweep up the same amount of sand in one pass, but each removes the sand in its own way from a wider swath.

Effective Search (or Sweep) Width (W)

In his groundbreaking work on search theory, Koopman [1] defined the effective search (or sweep) width (often shortened to just sweep width) as follows:  If a searcher passes through a swarm of identical stationary objects uniformly distributed over a large area, then the effective search (or sweep) width, W, is defined by the equation,

[1]
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where all values are averages over a statistically significant sampling period.  If the performance (or detection) profile (it is called a lateral range curve in search theory) is known for a certain search situation, then the area under the detection profile equals the sweep width, W, for that situation.  This effective sweep width is also twice the maximum detection range of an “equivalent” definite range detection profile (one that is 100% effective out to some definite lateral range either side of its track and completely ineffective beyond that range, like broom B1 in our floor-sweeping analogy).  Here, “equivalent” means that the definite range detection profile and the actual detection profile both detect, on average, the same number of objects per unit time under the same conditions of object density and searcher speed.

Some Sweep Width Examples

To see how Equation [1] works, suppose we devise an experiment where a large number of identical cardboard dummies, having about the same size, shape and color of a lost person, are uniformly, but randomly, distributed over a square test area in measuring one mile on a side.  (A uniform random distribution is one where the exact locations of the objects are chosen at random, but the number of objects per unit of area is about the same throughout the test area.)  Since our test area is in hilly, forested terrain,  we use a total of 1920 card`oard dummies for a density of 1920 objects per square mile.  On average, that is 3 objects per acre or one object for every square patch of ground measuring 120.5 feet on a side.  Now suppose we have several searchers each make a single straight pass through the test area and find that their average speed is 0.4 miles per hour with an average detection rate per searcher of 12.8 objects per hour.  Using Equation [1],
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The sweep width is 0.0167 mile or about 88 feet (0.0167 ( 5280) for this particular search situation.


Suppose we conduct a similar experiment with several aircraft, each flying over the same area one time in a straight line at 100 miles per hour (about 90 knots).  Suppose the average detection rate from the aircraft is 13.3 objects per minute.  That converts to 800 objects per hour.  (Note: At 100 mph, each aircraft spent only 36 seconds crossing over our square test area and detected 8 objects on average.)  Using Equation [1], 
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We find the sweep width for this situation is 0.0042 mile or about 22 feet.  Note that despite the very high detection rate achieved by the aircraft due to their high rate of speed, the smaller sweep width we have computed indicates the cardboard dummies are significantly more difficult to detect from the air than from the ground.  In fact, they are about four times as hard to detect from the air as from the ground. In some environments, detection from the air is so difficult that air search is considered ineffective.  Nevertheless, since an aircraft can search an area several times in less time than it takes for a ground team to search the same area once, sometimes the handicap of a small sweep width may be more than offset.  (We will revisit this issue in Part II when we discuss something called coverage.)  For many environments, it is not at all unusual for objects the size of a person to be much, much harder to detect from a light fixed wing aircraft flying a several hundred feet above the ground at 100 miles per hour than from the ground while walking at less than one-half mile per hour.  On the other hand, sweep widths for aircraft operating over relatively flat, open terrain can be significantly larger than those for searchers on the ground when both are looking for the same object.

Note:  The “experiments” and figures described above are completely hypothetical and are presented only for conceptual illustration.  There is a great deal more involved in designing and conducting scientifically rigorous experiments, and collecting and analyzing the data from them, than the above paragraphs convey. 

Importance of Sweep Width

As the reader may have already discerned, sweep width is a basic, objective, quantitative measure of detectability.  Larger sweep widths are associated with situations where detection is easier while smaller sweep widths imply detection is more difficult.  It should be clear that it must be important to know, in some quantitative way, how detectable the search object is in a particular search situation if we are to reliably estimate the probability of detecting that object with a given amount of searching.

The concept of effective sweep width is extremely powerful 

and lies at the very core of search theory.

The sweep width concept is extremely robust.  It has stood the test of time and a great deal of scientific scrutiny.  An important property of sweep width is its relative independence from the details of the detection processes themselves, such as the exact shape of the detection profile, or exactly how the searcher’s eyes and brain function to see and recognize the search object.  Sweep width is simply a measure (or estimate) of the average detection potential of a single specific “resource” (e.g., a person on the ground, an aircraft or vessel and its crew, etc.) while seeking a particular search object in a particular environment.  Thus, Equation [1] may be applied to any sensor looking for any object under any set of conditions.  For visual search, note that Equation [1] will work for either relatively unobstructed views, such as searches conducted from aircraft over the ocean, or situations where obstructions are common, such as searching in or over forests.  That is, Equation [1] may be applied to any SAR search situation, although it makes more sense to apply it to situations where conditions are roughly uniform.  Where there is a significant difference in environmental conditions (e.g., open fields vs. forests), sensor/searcher performance (e.g., experienced vs. inexperienced searchers) and/or search objects (e.g., a person vs. “clues” like footprints or discarded objects), there will normally be a significant difference in effective sweep width as well.

Factors Affecting Sweep Width

There are three classes of factors that affect detection and hence the sweep width: 

1. the search object’s characteristics affecting detection, 

2. the capabilities of the sensor(s) in use, and 

3. the environmental conditions at the place and time of the search.  


Examples of the first class of factors include such things as the object’s size, color, contrast with surroundings, etc.  One would not expect the sweep width for a discarded candy wrapper or a footprint in the summer forest to be nearly as large as that of a person wearing bright clothing.  


Examples of the second class of factors include sensor type (e.g., unaided human eye, infrared devices, air-scent dog, etc.), searcher/operator abilities (e.g., training, experience, fatigue), search platform (searcher on foot, all-terrain vehicle, boat, aircraft, etc.), speed of the searcher’s movement in relation to the search object, etc.  


Examples of the third class of factors include terrain, amount of ground cover, lighting conditions (e.g., sunny vs. overcast, deep forest vs. open meadow), visibility/weather (e.g., clear, foggy, rainy), etc.  


All of these factors may interact with one another in complex ways.  This leads to the single most important difficulty of the sweep width concept ( there is no simple, easy way to directly measure effective sweep width in the field for each search situation.  However, it can be estimated from factors that may be measured, or at least observed, directly.  With the help of data from some scientifically designed and executed experiments covering a reasonably broad range of search situations, effective sweep width values can be estimated quickly and reliably based on the sensor(s) in use, the characteristics of the search object(s) and the environmental conditions in the search area(s).  Note that although the maximum detection range is both measurable and affected by many of the same factors, this value alone does not reliably indicate how much detection will take place, whereas the effective sweep width does.  Even when we know the maximum detection range, all we can say with certainty is that the sweep width can never be greater than twice its value.

The Coast Guard’s Experience

For more than 20 years, the U. S. Coast Guard has been conducting scientific experiments and analyses to develop tables of validated effective sweep width values for use in marine SAR.  These experiments first identify the significant factors affecting detection and then go on to quantify the effects of the identified factors.  It does not appear that any experiments of a similar sophistication or scope have been undertaken for the benefit of inland SAR.  Coast Guard experience has shown that relatively few (but expensive, unfortunately) experiments, covering a representative cross-section of conditions typically encountered in SAR missions, produces useful results across a wide spectrum of SAR situations.  Consequently, the National SAR Manual [3] contains extensive tables of sweep width values for a wide range of conditions encountered in marine SAR. From these, good estimates of effective sweep widths for marine situations other than those directly tabulated may be obtained quickly and easily by using correction factors, interpolation, limited extrapolation, etc.  Maritime search planners the world over use these tables to good effect every day.  Coast Guard experience has also shown the need for a significant level of continuing experimentation to keep pace with changing technology – both that which a distressed person might use and that which becomes available to the searchers.

Koopman’s Model of Visual Detection

We will conclude our discussions with a brief look at a mathematical model of visual detection developed by Koopman during his initial work on search theory.  This model is important for both historical reasons and because it is still used today in a SAR context.
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Koopman had no empirical data, such as the results of controlled experiments, from which he could develop detection profiles.  Since the primary objective of his research involved detection of enemy ships and surfaced submarines from patrol aircraft flying over open ocean, he analyzed the geometry of this situation and made two reasonable assumptions.  The first assumption was that an observer in an aircraft first detects a vessel
by sighting its wake.  The second assumption was that the instantaneous (one glimpse) probability of detecting the vessel is proportional to the solid angle (like that at the apex of a pyramid) subtended at the observer’s eye by the wake’s area.  Working through the geometry and associated mathematics, this is approximately equivalent to saying the instantaneous detection probability is inversely proportional to the cube of the distance from the observer to the ship’s wake.  Hence, this model came to be called the inverse cube law of visual detection.  Continuing to develop this model, Koopman found that it produced a particular type of bell-shaped detection profile, shown in Figure 7.

Figure 7


Unfortunately, we will not be able to fully appreciate the importance of Koopman’s model until near the end of Part II.  However, it seemed most appropriate to introduce its detection profile here first.

Sweep Width and Speed

There is one important observation, however, that Koopman’s notion of “glimpses” will help us understand before we move on from effective sweep width to the next topic.  For visual search, the sweep width decreases as the speed of the searcher in relation to the search object increases.  Using Koopman’s approach, we can see at least one reason why this should be true.  A searcher’s “glimpse rate,” or number of glimpses per minute, is roughly constant.  As his speed increases, the searcher has to scan more area with the same number of glimpses.  This gives him less time to focus on each small patch of ground and decide whether the search object is there.  Similarly, he has fewer opportunities to catch a glimpse of, and detect, a search object as he passes by.  As Hill [4] and many others have stated, seeing and detecting are not the same thing.  Koopman [1, 2] observed, “…the act of [the search object’s] recognition is essential: what the searcher perceives is a set of sensory impressions which he must interpret before he knows what is causing them.  When the object is in plain view, its recognition is so immediate that this may hardly seem to take place; but in the typical problems of search, recognition can easily be a matter of real difficulty.”  In his presentation, Hill [4] dramatically demonstrated, with photographic slides taken in a wooded area, just how difficult recognition can be.  It takes a small, but finite, amount of time for a searcher to move his gaze to a new patch of ground (or water), focus on it, give himself enough time to recognize objects of interest if any are present, decide whether there are any such objects present, and move his gaze to a new patch.  The faster a searcher moves, the more likely it becomes that he will fail to detect objects of interest even when they are present, and the more likely it becomes that he will fail to even look at some patches of ground.


Increased speed can also produce other effects. To give an extreme example, consider how many objects a searcher would detect while running through a wooded test area having no trails to follow. The running searcher would have virtually all of his attention devoted to the problems of navigating the terrain at such a high speed.  By concentrating on obstacle avoidance, as he must, such a searcher is unlikely to detect any but the closest and most obvious objects, making the number of detections per unit time quite low in comparison to his speed.  In terms of Equation [1], the number of objects detected per unit time in the numerator would not be large enough to offset the large searcher speed in the denominator.  If, as in paragraph 5, a searcher moving at 0.4 miles per hour detects 12.8 objects per hour, then a searcher running at 4 miles per hour would have to detect 128 objects per hour in order to maintain a computed sweep width of 88 feet.


The generalization that increased speed results in decreased sweep width does not necessarily hold when comparing two very different resources.  For example, the advantages of a “bird’s eye view” from an aircraft will often more than compensate for the detrimental effects of its high speed as compared to that of searchers on the ground.  If the sweep width from the air is equal to or greater than that for searchers on the ground, the aircraft’s speed becomes a huge asset instead of a liability because it can do much more searching in much less time than ground teams can.  Nevertheless, increasing the aircraft’s speed (e.g. doubling it from 100 knots to 200 knots) will have a detrimental effect on sweep width.  Searching aircraft fly low and slow for the very good reason that it makes the search object below more detectable than it would be from higher altitudes and/or speeds.


Many important factors, such as search platform capabilities, nature of the terrain, searcher safety and fatigue, go into determining what search speed is appropriate.  As a result, sweep width experiments are normally conducted using search speeds that seem to provide the best balance among the competing demands.  Furthermore, the sweep widths so obtained are always used with their corresponding search speeds for both planning and operations.  We will continue the practice of treating sweep width and search speed as an inseparable pair of values throughout the remainder of this series.  In fact, we will combine these two quantities in Parts III and IV into a single variable called the effective search (or sweep) rate.

Coming Attractions

In the next article, we will see how the effective sweep width concept allows us to develop an objective relationship among the amount of effort expended in searching an area, the size of the area, and the probability of detecting (POD) the search object if it is present in the searched area.  (In fact, objective POD estimates are just not possible without a basic measure of detectability, i.e., the effective sweep width.)  In the third article we will look at means for constructing probability density distributions that quantify the search manager’s estimate of where the search object is more likely and less likely to be.  This will allow the probability of the object being contained within a defined geographic area (POA or POC according to individual preference) to be computed.  In the fourth and final article we will see how the objective relationship among POD, effort and area can be applied to probability density distributions to produce optimal search plans that maximize the probability of success (POS) obtainable with the effort available.


Food for thought until next time:  When we look at how our four broom designs perform when they are used to sweep four identical test areas, will they all still produce the same results for the same effort?  Do not jump to any conclusions!  The answer(s) may come as a surprise!
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