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(57) Abrégé/Abstract:

A computerized machine (a) determines temporal and spatial statistical characterizations for each one of plural sonic events, (b)
classifies certain pairings among the sonic events as comparable, and (c) estimates a minimum number of sonic sources, some of
which are in motion, that could have generated the sonic events. Sonic event times and positions can be characterized by
corresponding temporal and spatial confidence intervals. A pairing of sonic events is classified as comparable only when that
pairing meets one or more preselected constraints, some of which depend on the temporal and spatial statistical characterizations.
The estimated minimum number of sonic sources is equal to the number of sonic events in a longest antichain within a
chronological ordering of the set of sonic events. An antichain comprises a subset of the sonic events for which no pairing of sonic
events of that subset is a comparable pairing.
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ABSTRACT

A computerized machine (a) determines temporal and spatial statistical
characterizations for each one of plural sonic events, (b) classifies certain pairings
among the sonic events as comparable, and (c) estimates a minimum number of
sonic sources, some of which are in motion, that could have generated the sonic
events. Sonic event times and positions can be characterized by corresponding
temporal and spatial confidence intervals. A pairing of sonic events is classified as
comparable only when that pairing meets one or more preselected constraints,
some of which depend on the temporal and spatial statistical characterizations. The
estimated minimum number of sonic sources is equal to the number of sonic events
in a longest antichain within a chronological ordering of the set of sonic events. An
antichain comprises a subset of the sonic events for which no pairing of sonic
events of that subset is a comparable pairing.

Date Recgue/Date Received 2021-01-25



P1214-1CA

1

COMPUTERIZED ESTIMATION OF MINIMUM
NUMBER OF SONIC SOURCES USING ANTICHAIN
LENGTH

TECHNICAL FIELD

[0001] The field of the present invention relates to computerized data processing or
analysis of acoustic waves or signals normally representative of discrete sonic
events. In particular, computerized machines and methods are disclosed for
estimating a minimum number of sonic sources that could have produced a set of

discrete sonic events.

[0002] Specifically, the machine and techniques have particular practical
application with respect to determining the number of calling animals, such as
whales or other sea animals, or terrestrial animals such as birds, frogs, or

mammals, in a vicinity of one or more passive sonic receivers.

BACKGROUND

[0003] The disclosed computerized estimation machine and techniques may (not
must) achieve various practical objects and offer various practical advantages,
including offering new ways to estimate abundance based on reasonably reliable
locations of each sound without knowing precise location or having identifiable

information.

[0004] In particular, people use acoustic data to locate calling animals such as
whales. Scientists use such data to study animal behavior, and commercial or
governmental entities use such data to avoid harming such wildlife with loud or
disturbing sounds, such as emitted by active sonar pings from Navy or commercial
ships or air-guns from oil-exploration ships, to name only two. On land or in the air
above sea or land, disturbing sounds can include sounds from aircraft, cars or other
vehicles, gun shots, or controlled explosions, for example. People also use acoustic
data to estimate abundance of calling animals by species, or to estimate the effects
on abundance from such disturbances or from related factors such as urbanization

and deforestation.
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[0005] In performing such calculations or estimations, however, a common
problem is to know how many sources are producing a series of received sounds.
For example, suppose we hear N whale calls but cannot directly observe each
animal and do not recognize particular animals from the call. How many animals did
we hear? The sounds, in theory, could have been produced by one animal calling N
times, by N animals each calling once, or by some intermediate numbers of animals.
The answer may change significantly a decision made or an action taken based on
such data. For example, regulations may allow use of active sonar in areas where
only a few whales are nearby but not where many whales congregate. Or a
scientist, government, or environmental organization may wish to estimate the
whale population in a given area at a given time, and merely hearing N calls may
not answer the question. Reliable estimates for the minimum number of animals
responsible for recorded sounds are needed for setting national policies and laws to

protect marine and terrestrial animals.

[0006] Various known techniques exist for estimating location of a given call
received. Estimated location can be derived, for example, by various triangulation
techniques, i.e., intersecting directions from the source for disparate passive
receivers, or even from a single receiver, directional or otherwise. Other means to
passively locate emitted sounds include use of time differences of arrival (TDOA) at
widely separated receivers, sequential bound estimation (e.g., U.S. Patent
7,219,032 to this inventor), spherical beamforming, or matched field processing.
TDOA techniques are disclosed, for example, by work of this inventor and others
published at Spiesberger, J. L., Berchok, C. L., Woodrich, D, lyer, P. G., Schoeny,
A., and Sivakumar, K., Reliable lower bound for number of calling marine mammals
in Chukchi Sea, J. Acoust. Soc. Am. 146(4), 28062807, doi: 10.1121/1.5136724
(2019) and Spiesberger, J. L., Berchok, C. L., Woodrich, D., Schoeny, A., lyer, P.
G.,Yang, E., Lee, E., lyer, P., and Sivakumar, K., Locating and censusing calling
marine mammals in the Chukchi Sea with time differences of arrival amongst black
holes of 2D models, https://www.alaskamarinescienceorg/agenda, Alaska Marine
Science Symposium, Anchorage, AK (2020). Estimated locations have uncertainty.
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[0007] The machines and techniques disclosed are not expected to have practical
value where the sounds are known to have emanated from sources that are
identified and that have known, exact locations, such as with sounds received from
identified airplanes with GPS receivers on them, sounds received from animals
tagged with identifiable tracking devices, or sounds received from identified subjects
that have been observed (visually or otherwise) at logged locations. By “exact”
location, we mean location having been estimated to a degree sufficient to correlate
the location with an identified source, within the context of the problem. Even GPS
receivers have some uncertainty, for example, and the system may have practical
value in resolving sounds coming from sources that are close enough to one

another so as to be within the range of uncertainty of such receivers.

[0008] The machines and techniques disclosed typically operate on discrete
sounds, where it is not clear whether a common source emitted different sounds
apparently coming from different locations, or at least have maximum practical use
with respect to discrete sounds. “Discrete sounds” refers to sounds from a single
source that the receivers do not detect continuously over a period of time of interest
to a user, either because the source does not emit the sound continuously or
because of interruptions that hamper detection for various reasons, such as
variations in noise that interrupt the signal intermittently or fading of paths due to
destructive interference in multipath scenarios. Such discrete sounds are called
“sonic events,” or “calls,” in this disclosure. By contrast, it is typically easier to
calculate the minimum number of sources from a set of continuous sounds, because
information about whether a sound continued or not may make it easier to infer
whether sounds at different locations emanate from a single traveling source or

multiple sources.

[0009] Location-estimation techniques may include estimates of reliability, such as
a confidence interval, and such is used by the disclosed techniques. Confidence
intervals can have various forms. For example, a location technique may have
uncertainty within a range but provide full certainty that the location falls within that
range. Or the location technique may identify a confidence interval by setting a

given confidence level, such as a 99% or 95% probability, whether Gaussian or
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other distributions are used. The choice of confidence level or estimation of
confidence interval is delegated to the user in view of the specifics of the particular
measurement technique and application. The disclosed approach, however, has
lower practical application in situations where the confidence interval is unknown or
unreliable or cannot be estimated reasonably.

[0010] The machines and techniques disclosed typically operate on calls of a
common sort, or at least have maximum benefit for a class of such calls. For
example, in instances where it is possible to distinguish between whale calls and
walrus calls, one might wish to apply the technique separately to two data sets.
Likewise, the machines and techniques have maximum practical use when it is not
possible to identify specific individuals within the class being considered. If sounds
cannot be classified, on the other hand, there may be a benefit to applying the
disclosed machines and techniques to a group of calls from disparate species of
animals. As a result, the machines and techniques need not operate on calls of a
particular type or from a particular species of sea animal. Such data classification

decisions are at the discretion of the user for any individual instance or data set.

[0011] Persons skilled in the art of animal location or statistical estimation have
recognized difficulties in estimating abundance of animals from estimated location
data of discrete calls. For example, despite being trained statisticians, the authors of
Raftery and Zeh, Estimating bowhead whale population size and rate 256 of
increase from the 1993 census, Journal of the American Statistical Association
93(442), 257 451-63, (1998), used location data derived from time-difference-of-
arrival (TDOA) and other methods to estimate the abundance of whales in the
Arctic, but felt it necessary to state: “In some cases it is impossible to know whether
different locations correspond to different whales.” Those authors recognized the
problem with the reliability of the point measurements but, instead of innovating to
estimate abundance in a reliable way, they estimated abundance using many
assumptions about the behavior of whales. Those authors are not alone: methods
employed to estimate abundance are frequently riddled with a wide variety of
assumptions whose validity are often difficult to determine. Another example is

found in Buckland, S., et al., Distance sampling: Estimating abundance of biological
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populations, Biometrics 50 (1993) (available at doi: 10.2307/2532812). The
machines and techniques disclosed herein, by contrast, do not require possibly
unreliable assumptions and therefore offer robust estimates of animal abundance

(and tracks) that are more reliable and thus may be more believable.

[0012] Brute force calculations typically have little practical value because the
problem requires calculation complexity that grows dramatically with the amount of
data. Suppose the data set includes 100 calls received at different times. It is
possible to estimate which calls are consistent with which others: For example, if a
whale would have had sufficient time to swim from one location to another, given an
estimate of an animal’s speed, we might consider the two calls consistent with one
another. To illustrate how such observations alone do not suffice to allow a brute
force calculation, imagine that the first call’s location is consistent with 20 other call
locations, the second call is consistent with 42 other call locations, the third call is
consistent with 30 other call locations, a fourth call is consistent with 19 other call
locations, and so forth. A brute force method might start with the hypothesis that
there is only one animal, but we could easily exclude that case by noticing a location
inconsistent with one of the calls. In our example, the first call’s location is
inconsistent with 80 of the 100 call locations, so one animal could not have
produced all of the sounds. Next, the brute force method hypothesizes two animals
and attempts to determine if there is a starting location where each of the two
animals could each travel fast enough to reach (between them) each of the 100
locations. That is not so easy, compared to proving or refuting the one-animal
hypothesis. Just because no two call locations in our example are compatible with
all 100 locations (if that is the case when considering the other 96 points as well)
does not mean that a path cannot be found for two animals to reach all 100
locations. Even if we refute the two-animal hypothesis, we must proceed to
hypothesizing three animals, then four, and so on until we find the minimum number
of animals and their associated tracks wherein the locations corresponding to each
of the 100 calls are visited by one of those animals. Just because the first four calls,
in our example, are compatible with more than 100 locations collectively, also, does

not mean that the paths can be found for four animals to start at those locations and
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eventually reach all 100 locations at the times specified. The number of checks
required to implement a brute force technique is on the order of N! (N-factorial), so
for example, with 100 call locations, something on the order of 100! checks would
be required, but 100! equals a number greater than 9 x 1057, Computing using the
brute force method, therefore, is not possible with any computer except in cases
with a very small number of data points, or in other idealized cases, such as those
where no pairs of locations are compatible, because the time to reach a solution
using any brute force method increases more than exponentially with the number of

data points.

SUMMARY

[0013] A method performed using a computerized machine includes

(a) determining corresponding temporal and spatial statistical characterization for
each of a set of plural sonic events, (b) classifying certain pairings among the plural
sonic events as comparable, and (c) estimating a minimum number of sonic sources

that could have generated the plural sonic events.

[0014] The sonic events arise from an unknown number of sonic sources of a
specified class of sonic sources, at least one of which is not at a fixed location. For
purposes here, the term “in motion” means that a source of the sonic event is not
known to be fixed. In other words, that source is moving with respect to the location
of at least one of the receivers, or at least is potentially in motion during an
observation period. It need not be known that the source is moving continuously at
any particular time within a given time interval; the source may be moving only
intermittently, such as with stops and starts. The velocity need not be known or

estimated either, nor need it be fixed.

[0015] For each sonic event, an event time is characterized by the corresponding
temporal statistical characterization, and an event position is characterized by the
corresponding spatial statistical characterization. For each pairing of two different
sonic events of the set, that pairing is classified as comparable only when that
pairing meets a set of one or more preselected constraints; at least some of those
constraints depend on the temporal statistical characterizations and the spatial

statistical characterizations.
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[0016] The estimated minimum number of sonic sources that could have generated
the plural sonic events is calculated as being equal to the number of sonic events in
a longest antichain within a chronological ordering of the set of sonic events. An
antichain comprises a corresponding subset of the sonic events for which no pairing
of two different sonic events of that subset is a comparable pairing.

[0017] A programmed computerized machine, comprising one or more electronic
processors and one or more tangible computer-readable storage media
operationally coupled to the one or more processors, is structured and programmed
to perform the methods disclosed herein. An article, comprising a tangible medium
that is not a propagating signal, encodes computer-readable instructions that, when
applied to a computerized machine, program the computerized machine to perform

the methods disclosed herein.

[0018] A method performed using a computerized machine can further include
generating a set of distinct paths. Each of the paths denotes an estimated path for
one of the estimated minimum number of corresponding sonic sources that,
together with the other sonic sources of the estimated minimum number of the sonic
sources, could have produced the plural sonic events. In those methods, paths and
antichains are generated by partitioning the chronologically ordered set of plural
sonic events into a set of disjoint chains. Each chain comprises a subset of the
sonic events wherein every pairing of sonic events of that subset is classified as a
comparable pairing. Each chain corresponds to one of the paths and includes one
and only one corresponding sonic event from a selected longest antichain.

[0019] Objects or advantages may become apparent upon referring to the

examples illustrated in the drawings or disclosed in the following written description.

[0020] This Summary is provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description. This
Summary is not intended to identify key or essential features or to limit the scope of

disclosed subject matter.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0021] Fig. 1 is a table showing event positions and times for an example series of

24 sonic events.

[0022] Fig. 2 is an adjacency matrix constructed for the sonic events listed in Fig.
1.

[0023] Fig. 3 is a spatial plot of the sonic events listed in Fig. 1.

[0024] Figs. 4-7 are spatial plots of multiple estimated paths of sonic sources

calculated as capable of having produced the sonic events listed in Fig. 1.

[0025] The examples depicted are shown only schematically; all features may not
be shown in full detail or in proper proportion; for clarity certain features or
structures may be exaggerated or diminished relative to others or omitted entirely;
the drawings should not be regarded as being to scale unless explicitly indicated as
being to scale. The drawings show examples only and thus should not be construed

as limiting the scope of the present disclosure.

DETAILED DESCRIPTION

[0026] Disclosed is a specific, improved computerized machine (including
programmed computer or tangible storage medium that contains or stores computer
program instructions) and associated techniques (methods or processes) capable of
computer-estimating the minimum number of sonic sources that collectively produce
a time series of sounds, each sound emanating from an estimated but not precisely

known location.

[0027] Further disclosed are computerized machines and associated techniques
for determining possible tracks for each sonic source that could result in the time

series of sounds.

[0028] For ease of description, this disclosure initially describes an example central
process, with only some discussion of variations. It is intended, though, that the
disclosed central process, and equivalents thereof, can be modified to create

variations.
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[0029] The remainder of the disclosure refers to calling animals with sounds
propagating undersea, for example, but it is understood that the disclosed machine
and techniques have application to other sonic sources aside from animals,

including in some instances human-created machines such as aircraft or ships.

[0030] Reference to “sounds” refers to waves of vibrations (including pressure
fluctuations), whether or not audible with unaided human ears, propagating in
various media, including in the sea, in other fluids such as the Earth’s atmosphere

and in solid materials such as the Earth.

[0031] Reference to “sea” may include any body of water, including for example
oceans, lakes, rivers, and bays, and may in some instances refer to man-made
bodies of water, such as pools or catch-ponds. References to “water” may include
saltwater or freshwater, as well as other fluids, or mixes of fluids, and may include
suspended particulate matter or natural (e.g., fish) or artificial items (e.g.,

submarines) swimming in or otherwise traversing such fluids.

[0032] An example of a possible application in an aircraft setting is estimating the
number of aircraft or drones passively from sounds received at different locations at
different times. Another example involves doing the same for ships or submarines

based on sounds received.

[0033] Exemplary receiving or detecting equipment includes transducers such as

hydrophones, microphones, vector sensors, or seismic devices.

[0034] An unknown number of sonic sources of a specified class (e.g., animals,
vessels, aircraft, or vehicles) generate collectively a set (i.e., a time series) of plural
discrete sonic events. One or more of the sonic sources are in motion; in some

instances most, nearly all, or all of the sonic sources can be in motion.

[0035] Each estimated sonic event position can be characterized by a
corresponding spatial confidence interval; each estimated sonic event time can be
characterized by a corresponding temporal confidence interval. The sonic event

times may be overlapping in some instances.

[0036] A method, implemented using a programmed computerized machine,
includes (a) determining corresponding temporal and spatial confidence intervals for
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each sonic event, (b) based on the confidence intervals, classifying certain pairings
of those sonic events as comparable, and (c) based on the classifications of the
pairings, estimating a minimum number of sonic sources that could have generated
the plural sonic events. The method can further include computing estimates of the
paths traversed by the estimated minimum number of sonic sources to generate the

plural sonic events.

[0037] In some examples, the sonic sources can include one or more specified
species of animal, and the plural sonic events are intermittently received calls of
animals of the one or more specified species. In some of those examples, the
specified class of sonic sources can include, e.g., one or more specified species of
marine or aquatic animal, one or more specified species of marine mammal, or only
a single specified species of whale. In other examples, the calls can come from
specified types of fish, frogs, birds, or other aquatic, amphibious, land-based, or

flying creatures.

[0038] In some examples, the specified class of sonic sources includes one or
more specified types of marine or aquatic vessel, and the plural sonic events
comprise a specified type of sound intermittently received from vessels of the
specified type.

[0039] In some examples, the specified class of sonic sources includes one or
more specified types of land vehicle, and the plural sonic events comprise a

specified type of sound intermittently received from vehicles of the specified type.

[0040] In some examples, the specified class of sonic sources includes one or
more specified types of aircraft, and the plural sonic events comprise a specified

type of sound intermittently received from aircraft of the specified type.

[0041] In some examples, the specified class of sonic sources includes one or
more specified types of land-based, shipboard, or airborne weaponry, and the sonic
events comprise a specified type of sound intermittently received from the specified

weaponry.

[0042] In some examples, the specified class of sonic sources includes sounds

created by humans such as voices or footsteps of hikers, or sounds generated by
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human-carried objects or equipment such as backpacks or scuba gear; such sounds
can be measured either with microphones in air or water or with seismic devices
detecting sounds (acoustic pressure fluctuations) propagating in the ground. The
techniques and equipment can utilize voices when voice-identification does not
work, for example, because the voices are muddled or indistinct or because the
software to identify people by voice is unavailable. Estimates of the minimum
number of people responsible for a group of sounds have value for defense

applications.

[0043] For each sonic event of the time series of plural sonic events,
corresponding event times and positions can be estimated in any suitable way. In
some examples the event position can be defined in three dimensions; in some
other examples the event position can be defined in only two dimensions (in some
of those instances, even if three-dimensional motion of the sonic sources can

occur).

[0044] The table of Fig. 1 is an exemplary time sequence of estimated two-
dimensional event locations and corresponding estimated event times for a

sequence of 24 distinct sonic events (e.g., calls of a specified whale species).

[0045] In some examples, event positions can be estimated using one or more
suitable techniques, e.g., time-differences-of-arrival (TDOA), sequential bound
estimation (SBE), Bayesian techniques, spherical beamforming, or match field
processing. In TDOA, differences of arrival times of sound from a given sonic event,
at multiple sonic sensors at multiple different sensor positions, are used along with
the sensor locations to estimate the location of the source of that sonic event (e.g.,
by triangulation).

[0046] The estimated event position and the arrival times can be used to estimate

the corresponding event time.

[0047] The estimated event location and time are typically inexact, due to
uncertainties of sound propagation speed or the sound propagation paths, as well
as uncertainties (if any) of the sensor positions or measured time differences. The
sonic event position and time are therefore characterized in the most general sense
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by corresponding functions of spatial and temporal probability distributions, including
the probability distributions themselves. Examples of functions of probability
distribution include confidence intervals (e.g., 68%, 95%, 99%, or 100%), mean,

median, standard deviation, variance, efc. for a sonic event.

[0048] Determination of spatial and temporal function used for characterization can
be the same for all of the plural sonic events or can vary among the plural sonic

events.

[0049] As discussed further below, the function of the probability distribution can be
adjusted as needed or desired to refine or test the results. We will refer to the
selected function of the probability distribution as the event’s spatial or temporal
“statistical characterization.” For example, an event’s spatial statistical
characterization may be its probability distribution, a confidence interval of its
distribution, or a lower or upper bound of the probability distribution if the distribution

has finite expanse.

[0050] Each temporal statistical characterization, if convenient, can be
characterized by one or more corresponding parameters, including one or more of
(i) an earlier bound, (ii) a later bound, or (iii) a center (i.e., midway between the
earlier bound and the later bound). The sonic event may not be instantaneous but
may extend for a period of time. Thus, a temporal statistical characterization may
refer, for example, to the probability distribution of the start of the call, the middle of

a call, or the end of a call, as seems most suitable for the particular problem.

[0051] In some examples, each spatial statistical characterization can be
characterized by a boundary of a corresponding two- or three-dimensional region of
space in which the sonic event is estimated to have occurred. The boundary can be
regular or irregular. Regular regions in two-dimensional space can include, for
example, circular, elliptical, rectangular, or square boundaries. Regular regions in
three-dimensional space can include, for example, spherical, spheroidal, ellipsoidal,
rectangular prismatic, or cubical boundaries. In some instances, the spatial
statistical characterization can include disjoint spatial regions, such as if there are
insufficient sonic data or if a portion of an estimated special region is impossible

(e.g., a peninsula dividing the calculated region within a body of water in which a
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whale is estimated to be located). For example, in two-dimensional locations
determined with TDOA, using only three receivers can result in disjoint spatial
regions for the sonic event’s estimated location; using four or more receivers
resolves any such ambiguity. If needed or desired those boundaries can be
parameterized in any suitable way (e.g., largest transverse extent, or area or volume
centroid). If details of probability distributions underlying the temporal or spatial
statistical characterizations are available (e.g., derived from probability distributions
for sound propagation speeds or distances), additional parameters can include, e.g.,
a peak of the corresponding distribution, a centroid of the corresponding distribution,
or a first moment of the corresponding distribution. In some examples, it may be
desirable to work with spatial statistical characterizations without boundaries, such

as for unbounded probability distributions.

[0052] The temporal and spatial statistical characterizations can be determined in
any suitable way, based on any suitable measurement or reception of sonic signals
generated by the sonic sources, using any suitable array of passive sonic sensors
(e.g., microphones, hydrophones, or passive sonar sensors), and using any one or
more suitable estimation techniques (including any of those mentioned herein). The
position-estimation technique may calculate the positions or spatial statistical
characterizations (or both), or they may be calculated or estimated separately.

[0053] After temporal and spatial statistical characterizations are determined for
the plural sonic events, each pairing of two different sonic events of the set is tested
against a set of one or more preselected constraints. At least some of those
constraints depend on the temporal and spatial statistical characterizations. A given
pairing of sonic events is classified as comparable only if that pairing meets the set

of preselected constraints.

[0054] In examples where the statistical characterizations for two sonic events are
both 100% confidence intervals, the method can determine comparability, i.e.,
whether a single source could have generated both sonic events, based on when

the two confidence intervals overlap.

[0055] The same procedure can be applied using lesser confidence intervals, such

as 95%. If the statistical characterizations of the two events are characterized as
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independent probability distributions rather than confidence intervals, for another
example, then the decision of comparability can be based on whether the probability

that the distributions overlap exceeds a pre-determined value.

[0056] For illustration, if the probability that a value drawn from the first distribution
falls within the overlapping region is p1, and the probability that a value drawn from
the second distribution falls within the same region is p2, then the probability of

overlap is p1 times p2.

[0057] For yet other examples, the decision of comparability can depend on
whether chosen standard deviation locations (such as first, second, or third, as
specified in advance) overlap between two probability distributions. The methods
and equipment disclosed herein can utilize other tests that base comparability

decisions on temporal or spatial statistical characterizations.

[0058] In the following paragraphs, spatial or temporal confidence intervals are
used for ease of illustration, but other statistical characterizations can be utilized
instead.

[0059] In some examples a maximum speed is specified for the sonic sources of
the specified class (e.g., a maximum observed speed for a particular whale species,
a maximum sailing speed of a particular class of ship, or a maximum airspeed for a
particular class of aircraft). Many examples use a maximum speed constraint for

classifying a given pair of events as comparable.

[0060] For a pair of sonic events to meet the so-called maximum speed constraint,
a sonic source of the class, moving no faster than its maximum speed, must be able
to have generated both sonic events of that pair consistent with the selected
statistical characterization, or at least a probability that that single sonic source
could have generated both sonic events must exceed a selected probability
threshold.

[0061] For example, assuming 100% confidence intervals, if the spatial confidence
intervals are too far apart spatially for a given temporal separation (or the sonic
events are too close together temporally for given spatial separation), then that pair

of sonic events is not comparable. In other words, for a non-comparable pair of
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sonic events, the sonic source could not have generated the earlier sonic event
within its corresponding temporal and spatial confidence intervals and then moved
fast enough to be positioned within the later event’s spatial confidence interval

during its temporal confidence interval.

[0062] For confidence intervals set at lower confidence levels (e.g., 99%, 95%, and
S0 on), comparability can be classified in the same way, i.e., if the spatial confidence
intervals within the 99% (or 95% etc.) bounds are too far apart spatially for a
temporal separation within the 99% (or 95% etc.) bounds, then that pair of sonic

events is not comparable.

[0063] Alternative techniques can use the temporal and spatial probability
distributions to classify the pair of sonic events as comparable depending on
whether the probability that the same source generated both sonic events of the pair

exceeds a selected minimum probability threshold.

[0064] Expressing the maximum speed constraint more quantitatively, in some
examples the set of one or more preselected constraints includes the constraint
that, for each pairing classified as comparable, either (i) the corresponding 100%
spatial confidence intervals overlap, or (ii) a minimum distance between the
corresponding non-overlapping 100% spatial confidence intervals, divided by a
maximum time span encompassed by the corresponding 100% temporal confidence
intervals, is less than or equal to a preselected maximum speed of sonic sources of
the specified class. That constraint can be modified to include computing
corresponding probabilities when using less-than-100% confidence intervals or
using corresponding underlying spatial or temporal probability distributions, as noted
above.

[0065] The maximum time span encompassed by a pair of 100% temporal
confidence intervals refers to the maximum time span between the earlier bound of
one temporal confidence interval of the pair and the later bound of the other. Thus,
for non-overlapping or partly overlapping 100% temporal confidence intervals, the
encompassed time span extends from the earlier bound of the earlier interval to the
later bound of the later interval. The maximum time span encompassed by a pair of

less-than-100% temporal confidence intervals can be defined in the same way.
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[0066] Minimum distance between non-overlapping spatial confidence interval
depends on their particular shapes and orientations; for circular or spherical 100%
confidence intervals, for example, the minimum distance is the distance between the
boundary surfaces along a line joining their respective centers. The minimum
distance can be defined in the same way for a pair of less-than-100% spatial

confidence intervals.

[0067] Another example illustrates the use of spatial and temporal probability
distributions to determine if two events are comparable, using a maximum speed
constraint, with probability distributions not characterized by confidence intervals.
The determination of comparability considers the constraint of whether the speed of
the sonic source is less than or equal to some predetermined maximum speed
between two calls. In this example, it is assumed that the spatial and temporal
probability distributions are mutually independent, discrete probability distributions
(DPDs).

[0068] In that example, the DPD for the spatial coordinates, x1 and x2, of two calls
can be displayed as f1(x1) and f2(x2). First, the example method or equipment
computes the DPD for the absolute value of their difference, s=|x1-x2|, which can be
called f(s). The function f(s) then represents the DPD for the spatial distance
between the two calls. Second, the example method or equipment computes the
DPD for the absolute value of the difference in time, t, and that DPD for the temporal
difference between calls can be called g(t). Calculating the probability that f(s)/g(t) is
less than or equal to a specified maximum speed, v, can then be accomplished by
finding joint combinations of discrete probabilities from f(s) and g(t) such that f(s)/g(t)

is less than or equal to v.

[0069] For example, if there are only two joint combinations of f and g yielding
f(s)/g(t) less than or equal to v, a first one where s and t are in the ranges expressed
by [f(s1<=s<=82)=0.01, g(t1<=t<=t2)=0.02] and a second one where they are in the
ranges expressed by [f(s2<=s<=83)=0.9, g(12<=t<=t3)=0.8], then the probability of
the first occurrence is 0.01 times 0.02, which equals 0.0002, and the probability of
the second occurrence is 0.9 times 0.8, which equals 0.72, so the total probability
that f(s)/g(t) is less than or equal to v is the sum, 0.0002 + 0.72, or 0.7202. If the
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pre-selected threshold probability is 0.7, for example, then the calls are comparable
because the probability that the sonic source producing the call traveled at a speed

less than or equal to v is 0.7202, which exceeds 0.7.

[0070] If the probability distributions have analytical form (e.g., uniform,
exponential), standard expressions define the probability distributions of their
differences, and the probability distribution for the absolute value of the difference
can be derived analytically. An analogous procedure to that explained for discrete

distributions can decide comparability for such distributions.

[0071] Other suitable constraints, aside from the above-discussed maximum speed
constraint, can be employed.

[0072] In some examples, a minimum speed constraint might be applicable (in
addition to or in lieu of the maximum speed constraint). For example, if a particular
bird species were known to call only in flight, then a minimum flight speed can be
applied. For another example, if a ship, vehicle, or aircraft is known to emit a
particular sound or type of sound only while moving above a certain minimum
speed, then a minimum speed constraint can be applied. Under such a constraint, a
pair of sonic events would be non-comparable if they occurred too close to each
other. Minimum speed constraints might depend on or be established in
combination with turning radius, a different constraint discussed below, because of
the possibility of the source generating two sounds in nearby locations by circling
back.

[0073] More quantitatively, in some examples the set of one or more preselected
constraints includes the minimum speed constraint that, for each pairing classified
as comparable, a maximum distance encompassed by corresponding 100% spatial
confidence intervals, divided by a minimum time span encompassed by
corresponding 100% temporal confidence intervals, is greater than or equal to a
preselected minimum speed of sonic sources of the specified class. The maximum
distance encompassed by a pair of 100% spatial confidence intervals depends on
their particular shapes and orientations; the minimum time span encompassed by a
pair of 100% temporal confidence intervals is defined as the minimum time span

between the later bound of one temporal confidence interval of the pair and the
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earlier bound of the other. Similar to the discussion above, in some examples less-
than-100% confidence intervals or probability distributions can be employed to find
maximum distance or minimum time span that exceeds a preselected probability
threshold.

[0074] Some classes of sonic sources might be limited in how soon after
generating one sonic event a second sonic event could be generated by that
source. For example, a whale species might be physically incapable of calling twice
in quick succession or simply have behavioral characteristics such that scientists
know that individuals of that species pause for at least a given time between calls
for whatever reason. For another example, a shipboard or airborne weapon might

require a reload or recharge cycle between firings.

[0075] If the plural sonic sources are limited in that way, then in some examples
the set of one or more preselected constraints can further include, for each pairing
classified as comparable, the minimum-separation-time constraint that a time span
separating the corresponding temporal confidence intervals is greater than a
preselected minimum time between sonic events for sonic sources of the specified
class, or that the probability that the time span is greater than the minimum exceeds

a preselected probability threshold.

[0076] Some classes of sonic sources might be limited in their types of movement,
e.g., by a maximum turning rate or minimum turning radius. For example, if a
supertanker can only turn at a given rate, it may have a maximum speed that would
seem to allow time for the ship to pass from point A to point B and then to point C,
but if point C is spaced far from the line passing through points A and B, a slow
turning rate of the ship might preclude it from arriving at point C even at maximum

speed.

[0077] If the plural sonic sources are limited in that way, then in some examples
the set of one or more preselected constraints can further include a turning-rate
constraint, such that, for each pairing classified as comparable, a corresponding
turning rate is less than a preselected maximum turning rate for sonic sources of the

specified class (equivalently, a turning radius being larger than a preselected

Date Recgue/Date Received 2021-01-25



P1214-1CA

19

minimum turning radius). A preselected probability threshold can be employed for

less-than-100% confidence intervals or probability distributions, as discussed above.

[0078] Classification using a turning rate or turning radius constraint is more
complicated than other examples described. Before applying that constraint,
possible paths for the sonic sources are calculated (described further below), and
those paths are compared to the turning rate or turning radius constraint.
Comparable pairs of sonic events are those for which possible paths between them
satisfy the turning rate or turning radius constraint. in some examples requiring
certainty of satisfying a turning rate or turning radius constraint, all possible paths
between the two sonic events must satisfy the constraint to classify the two sonic
events as comparable. Other examples may classify two sonic events as
comparable if at least some preset fraction of the calculated possible paths satisfies

the constraint.

[0079] In some examples, the method and equipment can estimate change in
direction between any two spatial characterizations of a pair of calls. For example,
where the statistical characterizations utilize 100% confidence intervals and
locations are estimated in two dimensions, intervals can be defined by binning
regions of space with rectangles, where each rectangle represents a region from
where the call might have emanated. The minimum and maximum angles between
any two rectangles can be calculated by computing the angles between each of a
first rectangle’s vertices and each of a second rectangle’s vertices, producing 16
values, and determining the minimum and maximum values. If a first set of calls has
n1 rectangles and a second set of calls has n2 rectangles, then the computation of
the minimum and maximum angles can occur for all n1*n2 pairings, then a
determination can be made of the overall minimum and maximum angles between
any two calls of the two sets. Repeating that procedure for each pair of calls in a
track can produce estimates of a turning radius required to produce that track. The
turning rate can be estimated by combining the estimates of change in angle with

estimates of the change in times between calls.
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[0080] With the pairings of sonic events classified as comparable or non-
comparable as described above, a minimum number of sonic sources that could

have generated the entire set of plural sonic event can be estimated.

[0081] Within a chronological ordering of the set of plural sonic events (i.e., treating
the plural sonic events as a partially ordered set, often referred to as a poset), the
number of sonic events in a longest antichain is determined by suitable techniques

(as discussed further below).

[0082] An antichain is defined as a subset of the sonic events for which no pairing
of two different sonic events of that subset is a comparable pairing (i.e., no two
sonic events of an antichain could have been generated by the same sonic source).
There can be multiple antichains within the partially ordered set of sonic events, and
there can even be multiple longest antichains (obviously of the same length as one

another).

[0083] The length of the longest antichain (i.e., the number of sonic events in the
longest antichain) is equal to the minimum number of sonic sources that could have
generated the entire set of plural sonic events, applying Dilworth’s theorem. See
Dilworth, R. P., A decomposition theorem for partially ordered sets, Annals Math.
51(1), 161-66 (available at http://www.jstor.org/stable/1969503), 10.1007/978-0-
8176-4842-8 10 (1950) (minimum number of chains equals the number of elements

of the largest antichain of a finite partially ordered set).

[0084] In some instances it may be desirable to characterize the robustness of the
estimation of the minimum number of sonic sources, or to characterize the
sensitivity of the estimate with respect to small changes in the statistical
characterizations or the preselected constraints. Accordingly, in some examples the
method can further include repeating the classification of the sonic events as
comparable or non-comparable, and determining the length of the longest antichain,
using one or both of (i) one or more altered spatial or temporal statistical

characterizations or (ii) an altered set of one or more preselected constraints.

[0085] Instead of the deterministic constraints described above, in some examples

those constraints or other suitable constraints can instead include one or more
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probability distributions characterizing behavior of the sonic sources (e.g., a
distribution of maximum speeds of a particular species of whale, or a distribution of
turning radii for marine vessels). In such examples, estimating the minimum number
of sonic sources includes determining a probability distribution for the number of
sonic events in a longest antichain.

[0086] In some examples that process typically would include repeated
determinations using different constraints within and weighted by the corresponding
distributions (e.g., using Monte Carlo techniques), computing a probability for each
of the minimum number of sources over those repeated determinations, and
establishing summary statistics, such as a mean, variance, or other specified

statistical characterization. Other suitable techniques can be employed.

[0087] The chronological ordering of the plural sonic events can be achieved in any
suitable way. In some examples, the chronological ordering of the plural sonic
events can be ordered according to one or more parameters described above as
characterizing temporal confidence intervals. In some examples the sonic events
can be chronologically ordered according to one or more of (i) corresponding earlier
bounds, (ii) corresponding later bounds, or (iii) corresponding centers of the
corresponding temporal confidence intervals. in some examples the sonic events
can be chronologically ordered according to one or more of (i) corresponding peaks,
(i) corresponding centroids, or (iii) corresponding first moments of the
corresponding temporal confidence intervals, if one or more of those parameters are
available.

[0088] In some instances the relative chronological order of a subset of the sonic
events might be ambiguous (e.g., sharing the same earlier bound, the same later
bound, or center). If the ordering cannot be determined based on one parameter, in
some instances an additional parameter can be used to resolve the order. Instead,
or in instances wherein no parameters unambiguously determine a relative
chronological order, a relative ordering can be randomly or arbitrarily assigned in
some examples. The selected order does not affect the determination of the longest
antichain of the partially ordered set of sonic events, and hence it does not affect the
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estimation of the smallest number of sonic sources that could have generated the

plural sonic events. However, the selected order could affect the path calculation.

[0089] Any suitable computational technique can be employed to determine the
length of the longest antichain from the partially ordered set of plural sonic events.
In some techniques, the length of the longest antichain is determined by partitioning
the chronologically ordered set of sonic events into disjoint subsets, each of which
constitutes a chain (i.e., a subset of sonic events all of which are comparable with
one another), and then determining the number of sonic events in the longest
antichain by counting the number of such chains that encompasses the entire set of
sonic events. The chains are related to the antichain in this context because each
chain represents a subset of the sonic events corresponding to one of the paths and
includes one and only one corresponding sonic event from a first selected longest
antichain.

[0090] Other mathematically equivalent techniques directly or indirectly
determining the length of the longest antichain are known and could be used
instead. A survey article listing some possibilities is |kiz (2004), and other
techniques are described, for example, by Felsner (2003), Mucha (2004)

(randomized algorithms), and Dantzig (1956) (linear programming).

[0091] Various techniques for determination of a longest antichain utilize various
ways of displaying the comparability data described above. Some examples include
generating an adjacency matrix ordered according to the chronologically ordered set
of the plural sonic events and including indicia denoting whether pairings of the

plural sonic events are comparable.

[0092] An example adjacency matrix for the sonic events listed in the table of Fig. 1
is shown in Fig. 2. The rows and columns of the adjacency matrix each refer to
sonic events and are arranged in a selected chronological order as described
above. The matrix elements above the diagonal are filled with comparability data for
each pairing of sonic events. For comparable pairings, the corresponding matrix
entries are non-zero (e.g., one); for non-comparable pairings, the corresponding
matrix elements are zero. In Fig. 2, the zeroes appear as small dashes, and the

non-zero elements are indicators of the element’s row and column numbers (for
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ease of understanding). For N sonic events, the number of matrix elements above
the diagonal is N(N-1)/2; for 100 sonic events, for example, there are 4950 matrix

elements.

[0093] Software for computing a longest antichain from the information in an
adjacency matrix can be found, e.g., Freese, R. J., et al., Free Lattices, AMS, Vol.
42, p. 226 (1995) (available for networkX 2.4 documentation at

https://networkx.github.io/documentation/stable/reference/algorithms/generated/net

workx.algorithms.dag.antichains.htmli?highlight=dag%20antichains#networkx.algorit

hms.dag.antichains). Custom software that can compute the longest antichain from

the above-described adjacency matrix is included in the software appendix included

as part of the instant application.

[0094] A particular approach calculates the maximum matching of a bipartite graph
that is a conversion of the adjacency matrix discussed above. For a bipartite graph,
a maximum matching is comprised of the greatest number of edges connecting the
two sets of bipartite vertices such that distinct edges do not contain common
vertices. Computing maximum matching can in turn be determined by applying
various algorithms, including the Hopcroft-Karp-Karzanov algorithm (Gabow, 2017),
Hungarian algorithm (Kuhn, 1955), Ford-Fulkerson algorithm (Cormen et al., 2001),
approximation algorithms (Dufosse et al., 2018), and randomized algorithms (Mucha
and Sankowski, 2004). The chains can be constructed from the maximum matching.
Determining a minimum number of such distinct chains that encompass the entire
set of sonic events is equivalent to determining the number of sonic events in the

longest antichain, as noted above.

[0095] The machines and methods disclosed herein can also be employed to find
possible paths traversed by the minimum number of sonic sources to generate the
plural sonic events. In some examples, the machines and methods disclosed herein
also compute a set of distinct paths, with each of the paths denoting an estimated
path for one of the estimated minimum number of corresponding sonic sources. Any
suitable computational technique can be employed for partitioning the plural sonic
events into distinct chains, e.g., the chains can be computed from the computed

maximum matching, as noted above. Various mathematically equivalent techniques
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for computing chains are known and can be used. Computing the chains
representing possible paths is performed at the same time as computing the length

of the longest antichain in some methods of calculation.

[0096] If, for example, the first selected longest antichain set is [1, 3, 7], the
comparability information would indicated that the following three call pairs could not
have been produced by a single animal: (1-3), (1-7), and (3-7), and so there are
three chains, each chain corresponding to the track of one animal, one track
passing though point 1, a second track passing through point 3, and a third track
passing through point 7. Every pairing of two different sonic events of a given chain
of the first set is classified as comparable, i.e., a single moving sonic source could
have passed through each spatial confidence interval of the path consistent with the
corresponding temporal statistical characterization while generating a corresponding
one of the sonic events of the chain. Any suitable computational technique can be
employed for partitioning the plural sonic events into distinct chains for estimating

paths, including those discussed above.

[0097] The generated paths are not necessarily unique, as there may be different
solutions, each yielding different paths for the sonic sources. For example, in some
instances of the example described above there might be another antichain, also
including three different sonic events, e.g., the events [2, 4, 8]. Partitioning the sonic
events according to that second, different set of non-comparable sonic events (as
described above for the first antichain) can generate a second set of paths different
from the paths of the first generated set.

[0098] Software to compute all of the possible maximum matchings is available
from Chi Xu (2016) and Guangzhi Xu (2017), for example. If the maximum matching
technique is implemented, different maximum matchings can be determined using a
method disclosed by Uno (1997). The software disclosed herein implements the

computation for this implementation.

[0099] Fig. 3 is a plot of the locations (without statistical characterization shown, for
simplicity) of the sonic events listed in the table of Fig. 1 and for which the
adjacency matrix of Fig. 2 was generated; the numbers displayed indicate the

chronological order in which the sonic events occurred. The estimated minimum
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number of sonic sources that could have produced those sonic events is four
(determined, for example, by operating as described above on the adjacency matrix
of Fig. 2).

[0100] Fig. 4 is a plot of multiple possible paths of four moving sonic sources that
could have produced the 24 sonic events. For the two leftmost sources represented
in Fig. 4, there is only one possible path for each source. For the two rightmost

sources in Fig. 4, there are multiple possible paths for each source.

[0101] Figs. 5, 6, and 7 show different possible chains for the four moving sonic
sources (dots representing the estimated locations of the 24 sonic events shown in
Fig. 5) that could have produced the 24 sonic events as the moving sonic sources
traversed those paths.

[0102] In some instances it may be desirable to characterize the robustness of the
estimation of the multiple paths of sonic sources, or to characterize the sensitivity of
the estimated paths with respect to small changes in the statistical characterization
or the preselected constraints. Accordingly, in some examples the machines and
methods can further repeat the calculation of the paths using one or both of (i) one
or more altered spatial or temporal statistical characterization or (ii) an altered set of

one or more preselected constraints.

[0103] The order of steps described above is not necessarily fixed; steps can be
performed in any suitable order. Any combinations of the steps described above in
combination with any selected calculation technique, for any one of the applications

described herein, can be considered as an example taught by this disclosure.

[0104] A programmed computerized machine comprising one or more electronic
processors and one or more tangible computer-readable storage media
operationally coupled to the one or more processors can be structured and
programmed to perform any of the methods described above. An article comprising
a tangible medium that is not a propagating signal can encode computer-readable
instructions that, when applied to a computerized machine, program the

computerized machine to perform any of the methods described above.
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[0105] The disclosure here contemplates implementing the disclosed techniques
with a computer. The method is disclosed as a process, but the disclosed
techniques can be programmed in computer code as a set of computer instructions.
Even if programmed on a general-purpose computer, such a computer should be
considered non-generic and special-purpose once adapted because of the presence
of specific programmed computer instructions, which control at least one computer
processor and cause it to perform the functions described herein. Alternative
instantiations can be accomplished equivalently with dedicated special-purpose
computers or dedicated computer appliances, rather than program-adapted general-
purpose computing machines. Either way, the specially programmed or structured
computer comprises an improved computing machine that accomplishes functions

not possible with computers not so constructed or adapted.

[0106] Computer instructions (e.g., computer software, if used in lieu of hardware-
wired machines), can be stored in any tangible, non-transient, temporary or
permanent computer memory, digital storage, or replaceable media accessible to
the computer or encoded in computer hardware, such as by including programming
in microcode, machine code, network-based or web-based or distributed software
modules that operate together, RAM, ROM, CD-ROM, CD-R, CD-R/W, DVD-ROM,
DVDxR, DVD+R/W, hard drives, thumb drives, flash memory, optical media,
magnetic media, semiconductor media, or any future computer-readable storage
alternatives. The data on which the examples operate can be stored in the same or
a different computer memory, storage, or media accessible to the computer, of any

one or more of the types listed above.

[0107] References to “a computer” or “computer’ (or simply references to
computer-programmed operations, computations, or calculations) should be
understood to allow for implementation on either a single computer or on multiple
computers, such as a system of interconnected devices, or a set of devices using
distributed processing techniques. Each computer device, also, may utilize one or

more processors.

[0108] The word “step” is intended to refer to computer operations or acts, or

phases, in the case of a method, or computer equipment programmed to perform
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such operations or acts, in the case of an apparatus. The word is not intended as

having any special legal meaning.

[0109] The disclosure here focuses on a method or process, but the disclosure
should be understood to refer equally to equipment or apparatus, such as a
computer, that implements such methods or processes, as well as to computer
instructions stored in tangible media (that is not a transitory propagating signal) that

control a computer to implement such methods or processes.

[0110] In addition to the preceding examples, the following examples fall within the

scope of the present disclosure:

[0111] Example 1. A method implemented using a programmed computerized
machine, the method comprising: (a) for each one of a set of sonic events, the sonic
events of the set arising from an unknown number of sonic sources of a specified
class of sonic sources, one or more of which sonic sources are in motion with
respect to at least one receiver, using the machine, determining a corresponding
temporal statistical characterization for a corresponding event time and a
corresponding spatial statistical characterization for a corresponding event position;
(b) for each pairing of two different sonic events of the set, using the machine,
classifying that pairing as comparable only when that pairing meets a set of one or
more preselected constraints, at least some of which constraints depend on the
temporal statistical characterizations and the spatial statistical characterizations;
and (¢) using the machine, estimating a minimum number of sonic sources that
could have generated the sonic events by (i) determining a number of sonic events
in a longest antichain within a chronological ordering of the set of sonic events,
wherein an antichain comprises a corresponding subset of the sonic events for
which no pairing of two different sonic events of that subset is a comparable pairing,
and (ii) equating the estimated minimum number of acoustic sources to the number

of acoustic events in the longest antichain.

[0112] Example 2. The method of Example 1 wherein determining the number of
sonic events in the longest antichain includes (i) generating an adjacency matrix
ordered according to the chronologically ordered set of the sonic events and

including indicia denoting whether pairings of the sonic events are comparable, and
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(i) calculating a maximum matching of a bipartite graph that is a conversion of the

adjacency matrix.

[0113] Example 3. The method of any one of Examples 1 or 2 wherein determining
the number of sonic events in the longest antichain includes generating the distinct
chains from the maximum matching, determining a minimum number of distinct
chains into which the entire set of sonic events can be partitioned, and equating the
minimum number of chains to the number of sonic events in the longest antichain,
wherein every pairing of two different sonic events of a given chain is classified as

comparable.

[0114] Example 4. The method of any one of Examples 1 through 3 further
comprising generating a first set of distinct paths, each of the paths denoting an
estimated path for one of the estimated minimum number of corresponding sonic
sources that, together with the other sonic sources of the estimated minimum
number of the sonic sources, could have produced the sonic events, by partitioning
the set of sonic events into a first set of disjoint chains, each chain comprising a
subset of the sonic events corresponding to one of the paths and including one and
only one corresponding sonic event from a first selected longest antichain, wherein
every pairing of two different sonic events of a given chain of the first set is

classified as comparable.

[0115] Example 5. The method of Example 4 further comprising generating a
second set of distinct paths, each of the paths denoting an estimated path for one of
the estimated minimum number of corresponding sonic sources that, together with
the other sonic sources of the estimated minimum number of the sonic sources,
could have produced the sonic events, by partitioning the set of sonic events into a
second set of disjoint chains, each chain comprising a subset of the sonic events
corresponding to one of the paths and including one and only one corresponding
sonic event from a second selected longest antichain that is different from the first
selected longest antichain, wherein every pairing of two different sonic events of a

given chain of the second set is classified as comparable.

[0116] Example 6. The method of any one of Examples 4 or 5 wherein the method

further comprises repeating the generation of the first or second sets of distinct
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paths using one or both of (i) one or more altered spatial or temporal confidence

intervals or (ii) an altered set of one or more preselected constraints.

[0117] Example 7 The method of any one of Examples 1 through 6 wherein the
method further comprises repeating parts (a) through (c) using one or both of (i) one
or more altered spatial or temporal confidence intervals or (ii) an altered set of one

or more preselected constraints.

[0118] Example 8. The method of any one of Examples 1 through 7 wherein (i) the
set of one or more preselected constraints includes one or more probability
distributions, or probability information, characterizing behavior of the sonic sources,
and (ii) estimating the minimum number of sonic sources includes determining at
least some characteristics of a probability distribution of the number of sonic events

in a longest antichain.

[0119] Example 9. The method of any one of Examples 1 through 8 wherein the
set of one or more preselected constraints includes a maximum speed constraint.

[0120] Example 10. The method of any one of Examples 1 through 9 wherein the
set of one or more preselected constraints includes a minimum-separation-time

constraint.

[0121] Example 11. The method of any one of Examples 1 through 10 wherein the
set of one or more preselected constraints includes the constraint that, for each
pairing classified as comparable, either (i) the corresponding spatial confidence
intervals overlap, or (ii) a minimum distance between the corresponding non-
overlapping spatial confidence intervals, divided by a maximum time span
encompassed by the corresponding temporal confidence intervals, is less than or

equal to a preselected maximum speed of sonic sources of the specified class.

[0122] Example 12. The method of any one of Examples 1 through 11 wherein the
set of one or more preselected constraints further includes, for each pairing
classified as comparable, one or more of (i) a maximum distance encompassed by
the corresponding spatial confidence intervals, divided by a minimum time span
encompassed by the corresponding temporal confidence intervals, is greater than or

equal to a preselected minimum speed of sonic sources of the specified class, (ii) a
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time span separating the corresponding temporal confidence intervals being greater
than a preselected minimum time between sonic events for sonic sources of the
specified class, or (iii) a corresponding turning rate being less than a preselected

maximum turning rate for sonic sources of the specified class.

[0123] Example 13. The method of any one of Examples 1 through 12 further
comprising creating the chronological ordering of the sonic events by ordering the
sonic events according to one or more parameters selected from: (i) corresponding
earlier bounds of the corresponding temporal confidence intervals, (ii) corresponding
later bounds of the corresponding temporal confidence intervals, (iii) corresponding
centers of the corresponding temporal confidence intervals, (iv) peak position of a
probability distribution, (v) centroid of a probability distribution, or (vi) first moment of

a probability distribution.

[0124] Example 14. The method of any one of Examples 1 through 13 further
comprising creating at least a portion of the chronological ordering by randomly or
arbitrarily selecting relative chronological order among one or more sonic events for
which ordering according to the corresponding temporal confidence intervals is
indeterminate.

[0125] Example 15. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified species of animal
(where the species may include humans), and the sonic events are intermittently

received sounds produced by animals of the one or more specified species.

[0126] Example 16. The method of Example 15 wherein the specified class of
sonic sources includes one or more specified species of marine, amphibious, or

aquatic animal and the intermittently received sounds are calls of a specified type.

[0127] Example 17. The method of Example 16 wherein the specified class of
sonic sources includes one or more specified species of marine mammal.

[0128] Example 18. The method of Example 17 wherein the specified class of

sonic sources includes only a single specified species of whale, bird, frog, or fish.

[0129] Example 19. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified types of marine or
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aquatic vessel, and the sonic events comprise a specified type of sound

intermittently received from vessels of the one or more specified types.

[0130] Example 20. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified types of land
vehicle, and the sonic events comprise a specified type of sound intermittently

received from vehicles of the one or more specified types.

[0131] Example 21. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified types of aircraft, and
the sonic events comprise a specified type of sound intermittently received from

aircraft of the one or more specified types.

[0132] Example 22. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified types of land-based,
shipboard, or airborne weaponry, and the sonic events comprise a specified type of
sound intermittently received from weaponry of the one or more specified types.

[0133] Example 23. The method of any one of Examples 1 through 14 wherein the
specified class of sonic sources includes one or more specified types of human-
carried equipment, and the sonic events comprise a specified type of sound

intermittently received from equipment of the one or more specified types.

[0134] Example 24. A programmed computerized machine comprising one or more
electronic processors and one or more tangible computer-readable storage media
operationally coupled to the one or more processors, the machine being structured

and programmed to perform the method of any one of Examples 1 through 23.

[0135] Example 25. An article comprising a tangible medium that is not a
propagating signal encoding computer-readable instructions that, when applied to a
computerized machine, program the computerized machine to perform the method

of any one of Examples 1 through 23.

[0136] It is intended that equivalents of the disclosed example apparatus and
methods shall fall within the scope of the present disclosure. It is intended that the
disclosed example apparatus and methods, and equivalents thereof, may be

modified.
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[0137] The examples described herein group various features (including method
steps or acts) together for the purpose of streamlining the disclosure. This method
of disclosure is not to be interpreted as reflecting an intention that any particular
example requires each and every feature recited. Nor is the term “example”
intended to refer to a necessary combination of features. The term “example” is not
intended to reflect exclusion of features discussed in connection with different
examples or with no specific example at all. Nor is any feature to be considered

“essential” or “necessary” to any particular or all examples, unless explicitly stated.

[0138] Rather, it is contemplated that any particular feature or group of features
discussed herein can be isolated from other features, even if disclosed in
connection with a particular “example” having additional features. In addition, a
feature or group of features from one example can be combined with features
discussed elsewhere (unless clearly and necessarily inconsistent). The present
disclosure shall be understood, therefore, as disclosing any example having any
suitable set of one or more features (i.e., a set of features that are neither
incompatible nor mutually exclusive) that appear in the present disclosure, including
combinations of features that may not be explicitly disclosed in a particular example
combination.

[0139] For purposes of this disclosure, the conjunction “or” is to be construed
inclusively (e.g., “a dog or a cat” would be interpreted as “a dog, or a cat, or both”;
e.g., “adog, a cat, or a mouse” would be interpreted as “a dog, or a cat, or a mouse,
or any two, or all three”), unless: (i) it is explicitly stated otherwise, e.g., by use of

“either...or,” “only one of,” or similar language; or (ii) two or more of the listed
alternatives are mutually exclusive within the particular context, in which case “or”
would encompass only those combinations involving non-mutually-exclusive
alternatives. For purposes of this disclosure, words “comprising,” “including,”
“having,” and variants thereof, wherever they appear, shall be construed as open-
ended terminology, with the same meaning as if the phrase “at least” were

appended after each instance thereof.

[0140] Any labelling of elements, steps, limitations, or other portions (e.g., first,

second, third, etc., (a), (b), (c), etc., or (i), (i), (iii), etc.) is only for purposes of clarity,
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and shall not be construed as implying any sort of ordering or precedence of the
portions so labelled. If any such ordering or precedence is intended, it will be
explicitly recited (unless an order is implicitly or inherently required by virtue of an
explicitly recited sequence, such as one stated feature explicitly depending on an

earlier one).

[0141] The Abstract is provided as required as an aid to those searching for
specific subject matter within the patent literature. However, the Abstract is not
intended to imply that any elements, features, or limitations recited therein are
necessary.
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CLAIMS

What is claimed is:

1. A method implemented using a programmed computerized machine, the
method comprising:

(@) for each one of a set of sonic events, the sonic events of the set
arising from an unknown number of sonic sources of a specified class of sonic
sources, one or more of which sonic sources are in motion with respect to at
least one receiver, using the machine, determining a corresponding temporal
statistical characterization for a corresponding event time and a corresponding
spatial statistical characterization for a corresponding event position;

(b) for each pairing of two different sonic events of the set, using the
machine, classifying that pairing as comparable only when that pairing meets a
set of one or more preselected constraints, at least some of which constraints
depend on the temporal statistical characterizations and the spatial statistical
characterizations; and

(c) using the machine, estimating a minimum number of sonic sources
that could have generated the sonic events by (i) determining a number of
sonic events in a longest antichain within a chronological ordering of the set of
sonic events, wherein an antichain comprises a corresponding subset of the
sonic events for which no pairing of two different sonic events of that subset is
a comparable pairing, and (ii) equating the estimated minimum number of
acoustic sources to the number of acoustic events in the longest antichain.

2.  The method of Claim 1 wherein determining the number of sonic events
in the longest antichain includes (i) generating an adjacency matrix ordered
according to the chronologically ordered set of the sonic events and including indicia
denoting whether pairings of the sonic events are comparable, and (ii) calculating a
maximum matching of a bipartite graph that is a conversion of the adjacency matrix.

3. The method of Claim 1 wherein determining the number of sonic events
in the longest antichain includes determining a minimum number of distinct chains
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into which the entire set of sonic events can be partitioned, and equating the
minimum number of chains to the number of sonic events in the longest antichain,
wherein every pairing of two different sonic events of a given chain is classified as
comparable.

4. The method of Claim 1 further comprising generating a first set of distinct
paths, each of the paths denoting an estimated path for one of the estimated
minimum number of corresponding sonic sources that, together with the other sonic
sources of the estimated minimum number of the sonic sources, could have
produced the sonic events, by partitioning the set of sonic events into a first set of
disjoint chains, each chain comprising a subset of the sonic events corresponding to
one of the paths and including one and only one corresponding sonic event from a
first selected longest antichain, wherein every pairing of two different sonic events of
a given chain of the first set is classified as comparable.

5.  The method of Claim 1 wherein (i) the set of one or more preselected
constraints includes probability information characterizing behavior of the sonic
sources, and (ii) estimating the minimum number of sonic sources includes
determining at least some characteristics of a probability distribution of the number
of sonic events in a longest antichain.

6. The method of Claim 1 wherein the set of one or more preselected
constraints includes a maximum speed constraint.

7. The method of Claim 1 wherein the set of one or more preselected
constraints includes a minimum-separation-time constraint.

8. The method of Claim 1 wherein the specified class of sonic sources
includes one or more specified species of animal, and the sonic events are
intermittently received sounds produced by animals of the one or more specified
species.
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9. The method of Claim 8 wherein the specified class of sonic sources
includes one or more specified species of marine or aquatic animal and the
intermittently received sounds are calls of a specified type.

10. The method of Claim 9 wherein the specified class of sonic sources
includes only a single specified species of whale.

11. The method of Claim 1 wherein the specified class of sonic sources
includes one or more specified types of weaponry, and the sonic events comprise a
specified type of sound intermittently received from weaponry of the one or more
specified types.

12. The method of Claim 1 wherein the specified class of sonic sources
includes one or more specified types of human-carried equipment, and the sonic
events comprise a specified type of sound intermittently received from equipment of
the one or more specified types.

13. A programmed computerized machine comprising one or more electronic
processors and one or more tangible computer-readable storage media
operationally coupled to the one or more processors, the computerized machine
being structured and programmed to perform a method comprising:

(@) for each one of a set of sonic events, the sonic events of the set
arising from an unknown number of sonic sources of a specified class of sonic
sources, one or more of which sonic sources are in motion with respect to at
least one receiver, with the computerized machine, determining a
corresponding temporal statistical characterization for a corresponding event
time and a corresponding spatial statistical characterization for a
corresponding event position;

(b) for each pairing of two different sonic events of the set, with the
computerized machine, classifying that pairing as comparable only when that
pairing meets a set of one or more preselected constraints, at least some of
which constraints depend on the temporal statistical characterizations and the
spatial statistical characterizations; and
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(c) with the computerized machine, estimating a minimum number of
sonic sources that could have generated the sonic events by (i) determining a
number of sonic events in a longest antichain within a chronological ordering of
the set of sonic events, wherein an antichain comprises a corresponding
subset of the sonic events for which no pairing of two different sonic events of
that subset is a comparable pairing, and (ii) equating the estimated minimum
number of acoustic sources to the number of acoustic events in the longest
antichain.

14. The computerized machine of Claim 13 wherein the computerized
machine is structured and programmed to determine the number of sonic events in
the longest antichain by (i) generating an adjacency matrix ordered according to the
chronologically ordered set of the sonic events and including indicia denoting
whether pairings of the sonic events are comparable, and (ii) calculating a maximum
matching of a bipartite graph that is a conversion of the adjacency matrix.

15. The computerized machine of Claim 13 wherein the computerized
machine is structured and programmed to determine the number of sonic events in
the longest antichain by determining a minimum number of distinct chains into which
the entire set of sonic events can be partitioned, and equating the minimum number
of chains to the number of sonic events in the longest antichain, wherein every
pairing of two different sonic events of a given chain is classified as comparable.

16. The computerized machine of Claim 13 where the computerized machine
is further structured and programmed to generate a first set of distinct paths, each of
the paths denoting an estimated path for one of the estimated minimum number of
corresponding sonic sources that, together with the other sonic sources of the
estimated minimum number of the sonic sources, could have produced the sonic
events, by partitioning the set of sonic events into a first set of disjoint chains, each
chain comprising a subset of the sonic events corresponding to one of the paths and
including one and only one corresponding sonic event from a first selected longest
antichain, wherein every pairing of two different sonic events of a given chain of the
first set is classified as comparable.
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17. The computerized machine of Claim 13 wherein (i) the set of one or more
preselected constraints includes probability information characterizing behavior of
the sonic sources, and (ii) the computerized machine is structured and programmed
to estimate the minimum number of sonic sources by determining at least some
characteristics of a probability distribution of the number of sonic events in a longest
antichain.

18. An article comprising a tangible medium that is not a propagating signal
encoding computer-readable instructions that, when applied to a computerized
machine, program the computerized machine to perform a method comprising:

(@) for each one of a set of sonic events, the sonic events of the set
arising from an unknown number of sonic sources of a specified class of sonic
sources, one or more of which sonic sources are in motion with respect to at
least one receiver, with the computerized machine, determining a
corresponding temporal statistical characterization for a corresponding event
time and a corresponding spatial statistical characterization for a
corresponding event position;

(b) for each pairing of two different sonic events of the set, with the
computerized machine, classifying that pairing as comparable only when that
pairing meets a set of one or more preselected constraints, at least some of
which constraints depend on the temporal statistical characterizations and the
spatial statistical characterizations; and

(c) with the computerized machine, estimating a minimum number of
sonic sources that could have generated the sonic events by (i) determining a
number of sonic events in a longest antichain within a chronological ordering of
the set of sonic events, wherein an antichain comprises a corresponding
subset of the sonic events for which no pairing of two different sonic events of
that subset is a comparable pairing, and (ii) equating the estimated minimum
number of acoustic sources to the number of acoustic events in the longest
antichain.

19. The article of Claim 18 wherein the instructions cause the computerized
machine to determine the number of sonic events in the longest antichain by
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(i) generating an adjacency matrix ordered according to the chronologically ordered
set of the sonic events and including indicia denoting whether pairings of the sonic
events are comparable, and (ii) calculating a maximum matching of a bipartite graph
that is a conversion of the adjacency matrix.

20. The article of Claim 18 wherein the instructions cause the computerized
machine to determine the number of sonic events in the longest antichain by
determining a minimum number of distinct chains into which the entire set of sonic
events can be partitioned, and equating the minimum number of chains to the
number of sonic events in the longest antichain, wherein every pairing of two
different sonic events of a given chain is classified as comparable.

21. The article of Claim 18 further comprising the instructions cause the
computerized machine to generate a first set of distinct paths, each of the paths
denoting an estimated path for one of the estimated minimum number of
corresponding sonic sources that, together with the other sonic sources of the
estimated minimum number of the sonic sources, could have produced the sonic
events, by partitioning the set of sonic events into a first set of disjoint chains, each
chain comprising a subset of the sonic events corresponding to one of the paths and
including one and only one corresponding sonic event from a first selected longest
antichain, wherein every pairing of two different sonic events of a given chain of the
first set is classified as comparable.

22. The article of Claim 18 wherein (i) the set of one or more preselected
constraints includes one or more probability distributions characterizing behavior of
the sonic sources, and (ii) the instructions cause the computerized machine
to estimate the minimum number of sonic sources by determining at least some
characteristics of a probability distribution of the number of sonic events in a longest
antichain.
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