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VISUAL INDICATION OF TARGET TRACKING

RELATED APPLICATIONS

This application claims the benefit of and priority to U.S. Patent Application No.
13/440,653 filed April 5, 2012, the entire disclosure of each of which is hereby incorporated herein

by reference.

Technical Field
In various embodiments, the present invention relates generally to motion detection in
automated industrial systems, and more particularly to visual indications incident to motion

tracking,

Background

Automated industrial systems, ¢.g., autonomous robots, have been developed to be more
self-sufficient since the emergence of the first manufactured robots over half a century ago. Unlike
the carliest robots, contemporary devices require less human assistance; they are capable of
independently functioning and completing tasks in various types of unstructured environments.
However, bringing robots and humans into spatial proximity leads to the fundamental concern of
how to ensure safety for the human. A heavy industrial robot with powerful actuators and
unpredictably complex behavior can cause harm, for instance, by stepping on a human’s foot or
falling on him. Therefore, detecting the presence of moving objects in the vicinity of robots is
crucial for ensuring the safety of people working near the robotic system.

One approach is to equip the robot with motion-detection capabilities. Various motion-
detecting technologies exist, including passive infrared detectors (PIRs), Doppler microwave
sensors, ultrasonic rangefinders, scanned laser rangefinders, vision-based systems, pressure-
sensitive mats, and arrays of infrared emitter/detector pairs, which are known as “light curtains.”
U.S. Serial No. 13/243,253, entitled Ultrasonic Motion Detection and filed on September 23, 2011
(the entire disclosure of which is incorporated herein by reference), describes systems and methods
for adaptively detecting the real-time approximate range and bearing of moving objects utilizing
ultrasound. In various embodiments, an ultrasound transducer comprises multiple ultrasound
transducer elements. This arrangement permits detection with a full 360° field of view and is
capable of detecting multiple moving objects at different distance ranges with different velocities in
real time, while ignoring the presence of immobile objects as a static background. Systems in
accordance with the 253 application can reliably detect the range and bearing of one or more

moving objects, while ignoring stationary objects in the vicinity of, e.g., an autonomous robot,
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thereby protecting humans in the working environment.

Although a robot equipped with this type of presence-detection system can register the
proximity of people and take appropriate safety measures, the people themselves do not know
whether the robot is aware of them and will adapt its behavior accordingly. Individuals may be
hesitant to approach the robot, which limits their ability to train the robot and participate in tasks
that the robot carries out; this, in turn, limits robotic design, since robots must be configured to
adapt and learn without the expectation of robust and routine interaction with humans.

Alerting individuals to a robot’s awareness of their presence represents a challenging
problem. Audible detection indicators are unsuitable for use in a noisy industrial environment, and
cannot provide location-specific feedback to multiple persons, while a display screen visually
indicating the objects detected by the robot cannot provide an immediate, unambiguous, location-
specific indication of detection in a work environment that may extend 360° around the robot:
display screens are difficult to read from a distance beyond the robot’s action radius and have
limited view angles. Screen displays are also costly both economically and in terms of
computational overhead. Indeed, in an industrial environment filled with automated equipment
having display screens, individuals passing by the robot may ignore the content of its display screen

as irrelevant unless they intend to operate it.

Summary

In various embodiments, the present invention indicates its awareness of a proximate human
(or other moving object) by providing a visual signal aligned with — i.e., aimed at — the human.
For example, an illumination system may take the form of a closed or partial ring around which
lighting elements may be selectively activated. A controller, responsive to the tracked location of
one or more moving objects, may selectively activate one or more lighting elements so as to
provide a visual tracking signal continually (and separately) visible to each moving target and
varying with the tracked location. In this way, individuals moving within the robot’s tracking zone
observe a signal visually corresponding to their locations, unambiguously indicating that they have
been detected by the robot.

Accordingly, in one aspect, the invention relates to a method for providing a visual tracking
indication to a tracked target. In various embodiments, the method comprises tracking, by a
tracking device, a location of a target object moving within a defined space; and, responsive to the
tracked location, providing a visual tracking signal continually visible to the moving target within
the space and varying with the tracked location; the signal visually indicates the tracked location

relative to the tracking device. In some embodiments the field covers at least 180° relative to the
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tracking device — e.g., 180°, 270° or 360°, or an intermediate angular region. The visual tracking
signal may be provided by an arcuate illumination device having an angularly variable illumination
output confined to a variable arcuate region continuously aligned with the tracked target.

In some embodiments, the arcuate illumination device has a closed ring configuration, and
the arcuate regions of available illumination extend fully around the ring. The illumination device
may include or consist of a plurality of individually actuable segments, which may be variably
actuated as the target moves to maintain the alignment. Some embodiments of the invention can
track and signal more than one moving target. For example, the method may comprise tracking, by
the tracking device, a location of a second target object moving within the defined space; and,
responsive to the tracked location of the second target object, providing a second visual tracking
signal continually visible to the moving second target object within the space and varying with the
tracked location of the second target object; the second signal visually indicates the tracked location
of the second target object relative to the tracking device.

In another aspect, the invention pertains to a system for tracking movement. In various
embodiments, the system comprises a tracking system for tracking a location of a target object
moving within a defined space; an illumination device having an arcuate profile and an angularly
variable illumination output; and an illumination controller, responsive to the tracking system, for
controlling the illumination device to provide a visual tracking signal continually visible to the
moving target within the space and varying with the tracked location; the signal visually indicates
the tracked location relative to the tracking device.

The tracking system may, for example, comprise or consist of an ultrasound transducer
comprising a plurality of transducer elements, where each element emits and receives ultrasound
with a spatial zone defined by a solid angle; drive circuitry coupled to the transducer elements; and
an ultrasound controller for controlling ultrasound waves emitted from the transducer elements and
determining movements of objects based thereon. The illumination controller causes the
illumination device to output light to the spatial zone in which the target is located. In some
embodiments, the illumination device comprises a plurality of individually actuable segments cach
corresponding to one of the spatial zones; the segments may be variably actuated as the target
moves so that at least the segment corresponding to the spatial zone in which the target is
instantancously located is lit. For example, the transducer elements and the illumination segments
may be arranged in a ring or a partial ring, with a field covering at least 180° (e.g., 180°, 270° or
360°, or an intermediate angular region) relative to the tracking device.

The illumination device may have an angularly variable illumination output, and the

controller may be configured to cause the visual signal to be confined to a variable arcuate region
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continuously aligned with the tracked target. Thus, if the illumination device has a closed ring
configuration, the angularly variable illumination output may extend fully around the ring. In some
embodiments, the illumination device comprises a plurality of individually actuable segments, and
the controller variably actuates the segments as the target moves to maintain the alignment.

Some embodiments of the invention can track and signal more than one moving target. For
example, the tracking system may be configured to track a location of a second target object
moving within the defined space; and the illumination controller may be responsive to the tracked
location of the second target object and control the illumination device to provide a second visual
tracking signal continually visible to the moving second target object within the space and varying
with the tracked location of the second target object; the second signal visually indicates the tracked
location of the second target object relative to the tracking device.

These and other objects, along with advantages and features of the present invention herein
disclosed, will become more apparent through reference to the following description, the
accompanying drawings, and the claims. Furthermore, it s to be understood that the features of the
various embodiments described herein are not mutually exclusive and can exist in various
combinations and permutations. Reference throughout this specification to “one example,” “an

2 <C

example,” “one embodiment,” or “an embodiment” means that a particular feature, structure, or

characteristic described in connection with the example is included in at least one example of the
present technology. Thus, the occurrences of the phrases “in one example,” “in an example,” “one
embodiment,” or “an embodiment” in various places throughout this specification are not
necessarily all referring to the same example. Furthermore, the particular features, structures,
routines, steps, or characteristics may be combined in any suitable manner in one or more examples
of the technology. The headings provided herein are for convenience only and are not intended to

limit or interpret the scope or meaning of the claimed technology. Furthermore, the term

“substantially” means £10%, and in some embodiments, £5%.

Brief Description of the Drawings

In the drawings, like reference characters generally refer to the same parts throughout the
different views. Also, the drawings are not necessarily to scale, with an emphasis instead generally
being placed upon illustrating the principles of the invention. In the following description, various
embodiments of the present invention are described with reference to the following drawings, in
which:

Figure 1A schematically depicts an exemplary tracking and detection-indicating system in

4
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accordance with embodiments hereof.

Figure 1B depicts ultrasound transducer elements emitting and receiving ultrasound within a
spatial zone defined by a solid detection angle.

Figure 2 depicts ultrasound waves or pulses emitted into a space and detected as reflections
from objects in the space.

Figure 3 illustrates an iterative process for detecting moving objects.

Figure 4 depicts a method of calculating amplitude deviations.

Figure 5 depicts a method of calculating time-averaged amplitude deviations over multiple
wave cycles.

Figure 6 depicts a method of calculating short-time averaged amplitude deviations over
multiple successive times within a wave cycle.

Figure 7 depicts method of calculating peak-detected amplitude deviations within a wave
cycle.

Figure 8 depicts method of calculating the spatial average of peak-detected amplitude

deviations within a wave cycle.

Detailed Description

The following discussion describes a representative system for providing presence-detection
signals implemented in conjunction with a sonar-based tracking system, which supplies the
necessary presence information. It should be understood, however, that presence-detection systems
and methods as described herein may be employed with any approach to locating and tracking
moving objects within an environment. Such approaches may involve ultrasound, as described
herein or as known in other ranging systems, or entirely different (e.g., PIRs, Doppler microwave
sensors, scanned laser rangefinders, vision-based systems, pressure-sensitive mats, and light
curtains, to name a few).

Figure 1A depicts an exemplary ultrasound-based ranging system implemented in
conjunction with a presence-detection system. The overall system 100 includes an ultrasound
transducer 110 having multiple transducer elements 120. Each transducer element 120 emits
directional ultrasound waves or pulses towards an object 130 (e.g., humans or equipment) as it
moves, and receives the reflected waves therefrom. The elapsed time between an ultrasound wave
emission and the reception of a reflected wave can be used to determine the distance between the
ultrasound emitter and the object causing the reflection. A transducer controller 140 regulates
several aspects of the emitted ultrasound signals, ¢.g., frequency, phase, and amplitude, by

controlling the transducer elements via the associated drive circuitry 150 (which sends signals to
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the transducer elements 120). In addition, the controller 140 analyzes the nearby spatial

arrangements of the transducer based on the reflected signals as described in greater detail below.

In one embodiment, each transducer element 120 is associated with a separate controller 140 and/or
drive circuitry 150. The controllers and drive circuitry may use identical signal-processing circuits
and have the same electrical and acoustic characteristics. In another embodiment, some or all of
the transducer elements 120 are regulated by a single controller and drive circuitry. A circular
illumination array 152, typically arranged parallel to (e.g., above or below) the transducer array
110, includes a series of segmented, adjacent illumination elements 154, each of which may be
separately activated by a signal controller 156. The signal controller 156 receives tracking location
information from the transducer controller 140 and activates the appropriate one (or more) of the
segments 154 so that the light signal emanating therefrom is aimed at the tracked object. As shown
in Figure 1A, when the tracked object 130 reaches the rightmost illustrated position, only segment
154c 1s lit; the other segments are turned off.

In various embodiments, the transducer elements 120 are arranged in a cluster and/or a ring
with the fields of view extending outward from a single location in a common horizontal plane.
Each element 120 emits and receives ultrasound within a spatial zone defined by a solid detection
angle, as depicted in Figure 1B. The transducer thus has a detection angle with a full 360 degree
field of view. Within the solid detection angle of each transducer element (e.g., the angle 210), a
portion of the angle may overlap with the detection angles of other elements (e.g., the angles 220,
230). Information from the ultrasound waves transmitted in the non-overlapped region 240 and the
overlapped areas 220 and 230 is delivered and stored in the memory 250. This implementation
ensures the detection of movements of every object in the space, even at the boundaries of two

adjacent transducer elements.
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The transducer controller 140 may follow multiple tracked objects, and the signal controller
156, in turn, may separately illuminate different segments 154 aligned with each object, varying the
illuminated segments as the objects move so that, for example, only a single segment is illuminated
for each tracked object. In some embodiments, each of the transducer elements 120 is associated
with a single lighting segment 154; for example, an indicator can be located above each transducer
element, or alternatively, an indicator can be disposed between each pair of adjacent transducer
clements. Such arrangements are illustrative only, however. More generally, the illumination array
152 may have any one- or two-dimensional pattern of lighting elements 158, and these need not be
divided into segments; rather, each lighting element 158 or group thereof may be addressed
individually by the signal controller 156. The lighting elements 158 may be light-emitting diodes
(LEDs), incandescent lightbulbs, or any other suitable electronically actuable illumination source.
The signal controller 156 includes a switch matrix and suitable programming for responsively
activating the appropriate lighting elements 158.

It should also be stressed that the ring configuration of illumination array 152 is illustrative
only. Preferably, the illumination array operates over the spatial field addressed by the transducer
110, and so may be an arcuate ring portion rather than a closed ring. Indeed, if the transducer 110
is configured (e.g., in the form of a dome) to sense out-of-plane objects, the illumination array 152
may have illumination elements 158 distributed over a hemispherical surface.

Furthermore, the pattern of illumination can vary. When the transducer elements 120 are
arranged in a circular ring with the visual indicators 158 located between adjacent transducer
elements, the indicators on both sides of a given channel may be illuminated when that channel
detects an object; this can improve the visibility and effectiveness of the indicators. In this
variation, a given indicator 158 1s illuminated when either of the two detector elements it is located
between has detected an object. If a single channel detects an object, the two adjacent indicators are
illuminated; if two adjacent channels detect objects, the three indicators between and on either side
of these detector elements are illuminated.

In various embodiments the controllers 140, 156 may be provided as either software,
hardware, or some combination thereof, and as separate logical or physical systems or a single
system. For example, the either or both controllers may be implemented on one or more server-
class computers, such as a PC having a CPU board containing one or more processors such as the
Core Pentium or Celeron family of processors manufactured by Intel Corporation of Santa Clara,
Calif. and POWER PC family of processors manufactured by Motorola Corporation of
Schaumburg, I11., and/or the ATHLON line of processors manufactured by Advanced Micro

7
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Devices, Inc., of Sunnyvale, Calif. The controllers may contain a processor that includes a main
memory unit for storing programs and/or data relating to the methods described above. The
memory may include random access memory (RAM), read only memory (ROM), and/or FLASH
memory residing on commonly available hardware such as one or more application specific
integrated circuits (ASIC), field programmable gate arrays (FPGA), electrically erasable
programmable read-only memories (EEPROM), programmable read-only memories (PROM), or
programmable logic devices (PLD). In some embodiments, the programs may be provided using
external RAM and/or ROM such as optical disks, magnetic disks, as well as other commonly used
storage devices.

For embodiments in which one or more of the controllers 140, 156 arc provided as a
software program, the program may be written in any one of a number of high level languages such
as FORTRAN, PASCAL, JAVA, C, C++, C#, LISP, PERL, BASIC, PYTHON or any suitable
programming language. Additionally, the software can be implemented in an assembly language
and/or machine language directed to the microprocessor resident on a target device.

The illustrated targeting and signaling systems may advantageously be deployed on an
industrial robot. In general, an industrial robot is an automatically controlled, reprogrammable,
multipurpose manipulator programmable in three or more axes. Most robots include robotic arms
and/or manipulators that operate within a working envelope, and whose movements are driven by
actuators operated by a robot controller; see, ¢.g., U.S. Patent No. 5,650,704 and U.S. Serial Nos.
12/843,540, filed on July 26, 2010, and 13/159,047, filed on June 13, 2011, the entire disclosures of
which are hereby incorporated by reference. Thus, as illustrated, a robot controller 160 may control
the kinematics of a robot, including movements of manipulators and appendages, by signals sent to
actuators 170 in a manner well-known to those skilled in the art. Here, the controller 160 is
responsive to signals from transducer controller 140. For example, when the transducer controller
140 detects a moving object in proximity to the robot’s working envelope, it signals robot
controller 160 which, in turn, disables all or the relevant actuators 170 whose operation might cause
danger to the detected moving object. Of course, the controllers 140, 160 need not be separate
entities, but may instead be implemented within a single overall system controller.

Referring to Figure 2, in various embodiments, each transducer element emits an ultrasound
wave (or pulse) having a duration of Tp within a spatial zone. The ultrasound waves (or pulses)
may be emitted sequentially or simultaneously across zones. At the end of the wave (or pulse)
signal, the transducer controller sets a counter C to zero counts. Throughout the detection
procedure, the counter C increases at a fixed time interval At, the magnitude of which is determined

based on a convenient unit of spatial resolution. For example, for a spatial resolution of 1
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centimeter, At may be set to 58 us, which is determined by the speed of sound in the air. The value
of the counter C thus represents the distance of the object based on the time that transducer
elements receive the reflected ultrasound waves. After transmission of the ultrasound wave (or
pulse), a minimum time period Tw is allowed to elapse before measuring the amplitude of reflected
waves. This allows for settling of the ultrasonic transducer detection system and ignores objects
that are closer than the minimum detection range. Once Tw has elapsed, the transducer controller
measures the amplitudes A of the reflected waves received by the transducer elements at each time
interval At for a duration of Tg after the end of Tw. The measured amplitudes of reflective waves
are then stored in memory — in particular, in an array indexed by the counter C, such that each
array element, i.c., the data point, represents a measured amplitude A(t) at a specific time t related
to a specific distance range in the current wave cycle. Each array element is then processed by the
controller to determine locations and movements of the objects using a motion-detection algorithm,
as described below. Once Ty has elapsed, the transducer elements emit an ultrasound signal and
the detection cycle is repeated. Figure 3 depicts the iterative process of adaptively detecting
movements of moving objects in real time. In one embodiment, this detection cycle is operated
with a time interval of, e.g., 200 milliseconds or less between each signal to optimize the time
resolution of detecting moving objects.

Each transducer element is independent and has its own data set. The motion-detection
algorithm is designed to process the data set and determine the movements of the objects while
ignoring stationary objects. The algorithm may be optimized for minimum computational
overhead, so that it can be executed in real time using a low-cost microcontroller. Additionally, the
motion-detection algorithm may identify and report multiple moving objects at different distances
(ranges) with different velocities (bearings). With reference to Figure 4, the principle of the
algorithm is that, for each point in time, an amplitude deviation of the current reflected wave cycle,
e.g., D(t;), is calculated by subtracting the currently acquired amplitude A(t;) with a long-term

average amplitude reading, 4(z), from prior detection cycles — e.g., from cycle 1 to cycle N,
D(t,)= A(t,)— A(t). The amplitudes of the reflected ultrasound waves from stationary objects

may be treated as a static background; the amplitude deviations contributed from the stationary
objects are thus negligible. By contrast, the amplitude deviations of moving objects are dynamic
and may be further processed with the associated elapsed times received by the transducer elements
to determine the range and bearing of the moving objects.

In some embodiments, the amplitude deviation is determined within the duration of an echo,

where the start of the echo occurs when a reflected wave has an amplitude above a predetermined
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maximum intensity threshold and the end of the echo occurs when the amplitude is below a
predetermined minimum intensity threshold. A long-term average amplitude A(?) of the echoes at

a time t, within the echo duration, is then subtracted from the measured echo amplitude A(t) at the
time t in the current reflective cycle to derive an amplitude deviation D(t) for the time t.

The durations and states of the echoes may be changed in some conditions. For example, if
the amplitude deviation is smaller than a specific minimum threshold Dy, and the minimum echo
duration has been exceeded, the echo state may be changed from “true,” i.e. the echo exists, to
“false,” 1.¢., the echo no longer exists; in this case, the controller is ready to detect another echo. If
an amplitude deviation is larger than a specific maximum threshold Dpay, the echo state may be
changed from “false” to “true™; in this case the range data is added to the array of detected echoes,
and the echo count increases by one. In one embodiment, Dy, and Dy,y are both predetermined
values and can be adjusted based on, ¢.g., the long-term average amplitudes or the ranges of the
detected objects, as further described below.

The long-term average amplitudes can be calculated utilizing any of several approaches,
¢.g., using a finite impulse response (FIR) filter or an infinite impulse response (IIR) filter. FIR
filters have a fixed-duration impulse response; the long-term average amplitudes can be simply

calculated from an average amplitude of N prior cycles, i.e.,
- 1
A(l)=W(A(tl)JrA(t2)+A(Iz)+---+A(IN)) (1).

However, this approach requires additional memory to store multiple sets of data from previous
cycles; it thereby increases the cost of implementation. IIR filters have an impulse response
function that is non-zero over an infinite length of time; the long-term average amplitudes are

calculated using a one-out-of-N algorithm as:
- 1 -
A1) = N(A(fm) X (N=D)+A(ty)) (2).

At the end of each detection wave cycle, the long-term average amplitude may be updated utilizing
eq. (2) to account for the measured echo amplitude in the current cycle. This approach provides an
improved performance with lower memory usage and reduces the computational load. In one

embodiment, the value of N is an integer power of 2; this allows the multiplication and division of

integers to be replaced with left and right shift operations that are computationally less expensive.
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In practice, the amplitude deviations from a spatial zone within a wave cycle based on the
above definition may be noisy due to random variations of the amplitudes in the echo waves.
Several approaches can be implemented for eliminating the random variations.

In various embodiments, the time-averaged amplitude deviations can be used for
eliminating random variations in the echo amplitudes; it is useful in a situation where moving
objects move relatively slow compared with the emitted frequency of the wave cycles. Figure 5

depicts an exemplary time-averaged amplitude deviation over P wave cycles:

D) =DM )+ DUl )+ DUl )t DAL) o)

In other embodiments, short time-averaged amplitude deviations can be used to reduce
random variations of the echo amplitudes within a wave cycle. For example, with reference to
Figure 6, the short time-averaged amplitude deviation between time t., and time ty, in the current

cycle is given as:
— 1
Dst(tc) = E(D(zca) +D(tca+l) +D(tca+2) ..t D(tcb)) (5)9

where Q is the number of data points received between time t., to t, within the current cycle.

In various embodiments, the peak-detection algorithm is applied to improve the sensitivity
of the detection algorithm to a steep rise in the amplitude deviation that is characteristic of the echo
from an object of substantial size, e.g., a human. As depicted in Figure 7, the peak-detection
algorithm subtracts the amplitude deviations D(t) of the first K/4 data points from the total value

and adds the last 3K/4 data points into the total value, as follows:

D, (t+K) = scale factor * {(-1)x[D()+ D(t+1)+ D(t+2)+...+ D(t + (K / )]+

D@+ (K/4)+D)+D(t+(K/4)+2)+..+ D+ K-1)+ D(t+K)]} (6).

where D, (t + K) is the peak-detected amplitude deviation for time t + K, i.e., in the most recent K
values of the amplitude deviation D(t) in the current wave cycle, as illustrated in Figure 7. In one
embodiment, as depicted in Figure 8, movement detections of the objects can be determined based
on an average of peak-detected amplitude deviations over adjacent spatial transducers (zones), e.g.,

810, 820, and 830 in the current wave cycle; where
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B+ B =Dt +K)+ Dt +K)+ D 4 K] .

In various embodiments, Dy, and Dy, the predetermined minimum and maximum
deviation thresholds, respectively, can be adjusted at each time t to reflect the various magnitude of
the long-term average amplitude in various environments at time t. For example, Dy, and Dy, are
sct as low values when the detection waves are transmitted in a region with low amplitudes of
reflected waves; it thus increases the sensitivity of the algorithm in determining the amplitude
deviations as well as the duration of echoes. In regions where large random fluctuations of the
amplitude deviations are expected even in the absence of moving objects, adjusting Dyin and Diax
accordingly increases the immunity of the detection algorithm to such fluctuations. Dpin and Dpax
can also be adjusted to reflect the ranges of the detected objects. For example, for detecting more
distant objects, Dy and Dy« are set as low values in order to increase the sensitivity of the
algorithm; as the objects approach the detectors, Dy, and Dynax may be adjusted to higher values
since the amplitudes of reflected waves decay less significantly over a shorter distance.

The specific values used for Dy and Dy in a given system strongly depend on the
clectronic, acoustic, and software design parameters of the system, including, ¢.g., the sensitivity of
the ultrasonic detectors, the gain and offset voltage of the amplifier chain, or the supply voltage
used to operate the detector system. Therefore, systems with identical functional performance (e.g.,
range, detection sensitivity, noise immunity, or response speed) may have different predetermined
values of Din and Dyax due to different components therein.

In an exemplary system with a gain of ~2000 for an amplifier chain, 12 bits of resolution for
a microcontroller's analog-to-digital converter (ADC), and 3.3 V of the supply voltage, cach ADC
count represents about 805 uV at the ADC, or 0.4 uV of electrical signal from the transducer. In
this system, values of Dy can be in the range of 175 to 300, and values of Dy, at around 80. With
the thresholds capable of dynamically adapting to the amplitude of the average, D,y may be sct as
300, 250, and 175 for high, moderate, and low average signals, respectively. Alternatively, with
the thresholds dynamically adapted based on the ranges of the objects, the values of Dy, may be
chosen as 300, 250, and 175 for close, intermediate, and long ranges, respectively.

Changing the acoustic environment of the transducer, ¢.g., changes in the ambient noise
level at the ultrasonic frequencies to which the transducer elements are sensitive or the directions of
the transducer elements, may result in false detection of moving objects. For example, when a
noise source (e.g., a tool operated by compressed air) is switched on, the increased background

signal level adds to the measured short-term amplitude deviation D(t), and can trigger false positive
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detections until the long-term average A(¢) has adapted to the increased background level. Once

the noise source to which the motion detector has adapted is switched off, the decreased
background signal level may prevent detection of moving objects due to the decrease of all short-
term amplitude deviations D(t) until the long-term average amplitude A(f) re-adapts. The
adaptation of the long-term average amplitude to the new environment may take up to several wave
cycles and thereby cause unexpected injuries to moving objects, ¢.g., humans in the environment,
Movements of the transducer elements may also cause the measured short-term deviation D(t) to be
erroneous, since the long-term average amplitudes A(z) of individual elements no longer reflect
amplitudes of the echoes detected within the new field of view for each transducer element.

In various embodiments, detecting changes in the acoustic environment of the transducer
elements can be implemented by tracking the integral of the measured amplitude deviations D(t)
over time in each wave cycle. The integrated amplitude deviation, Iy, can be calculated
continuously for each transducer element with established maximum positive and negative
thresholds. During a major change to the acoustic environment (e.g., the addition or removal of an
ambient noise source, or rotation of the head of the transducer elements), 14, may have a large
positive or negative value for some or all transducer elements. The motion-detecting algorithm,
therefore, may be retrained to adapt to the new acoustic environment when the value of Iy, exceeds
cither the positive or negative thresholds. Once the long-term amplitude average A(f) has adapted
to the new acoustic environment, I, may have a small value even in the presence of multiple
moving objects due to their small short-term contributions. This approach minimizes a false

detection resulting from changes in the environment.

While the motion detecting algorithm can be automatically and gradually adapted to a
changed acoustic environment, adaptation may take a relatively long time. In one embodiment,
adaptation is accelerated by suspending the normal motion detecting algorithm for a certain period,
e.g., L cycles, and causing the detecting algorithm to rapidly retrain the new average amplitude
A, (?) as the average of the amplitudes A(t) measured during the retraining period, ¢.g., L cycles.

A,.,(¢) is thus given as:

— 1

Ao () =T (AN + 4D+ A0 +...+ 4,(1) (8).

At the end of the retraining period (i.e., L cycles), the normal detecting algorithm resumes and the
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old amplitude average A(¢) is replaced with the new amplitude average 4, (¢), which is now

accurately adapted to the new acoustic environment. In one embodiment, the adaption process can
be automatically triggered for each transducer element when 4., of the transducer element exceeds
a predetermined threshold. In another embodiment, all transducer elements together are subjected
to the retraining process upon detecting T4, of a single transducer element and/or Iy, of all
transducer clements exceeding a predetermined threshold. This can be done at the transducer
startup, and/or by external command, and/or automatically by the transducer in response to
detecting major changes in its acoustic environment.

The terms and expressions employed herein are used as terms and expressions of
description and not of limitation, and there is no intention, in the use of such terms and expressions,
of excluding any equivalents of the features shown and described or portions thereof. In addition,
having described certain embodiments of the invention, it will be apparent to those of ordinary skill
in the art that other embodiments incorporating the concepts disclosed herein may be used without

departing from the spirit and scope of the invention. Accordingly, the described embodiments are

to be considered in all respects as only illustrative and not restrictive.
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CLAIMS

What is claimed is:

1. A method for providing a visual tracking indication to a tracked target, the method
comprising:
tracking, by a tracking device, a location of a target object moving within a defined space;
and
responsive to the tracked location, providing a visual tracking signal continually visible to
the moving target within the space and varying with the tracked location, the signal visually

indicating the tracked location relative to the tracking device.

2. The method of claim 1, wherein the field covers at least 180° relative to the tracking device.
3. The method of claim 1, wherein the field covers 360° relative to the tracking device.
4, The method of claim 1, wherein the visual tracking signal is provided by an arcuate

illumination device having an angularly variable illumination output, the illumination output being

confined to a variable arcuate region continuously aligned with the tracked target.

5. The method of claim 4 wherein the arcuate illumination device has a closed ring

configuration, the arcuate regions of available illumination extending fully around the ring.

6. The method of claim 4, wherein the arcuate illumination device comprises a plurality of
individually actuable segments of the arcuate illumination device, the segments being variably

actuated as the target moves to maintain the alignment.

7. The method of claim 1, further comprising:

tracking, by the tracking device, a location of a second target object moving within the
defined space; and

responsive to the tracked location of the second target object, providing a second visual
tracking signal continually visible to the moving second target object within the space and varying
with the tracked location of the second target object, the second signal visually indicating the

tracked location of the second target object relative to the tracking device
8. A system for tracking movement, the system comprising:
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a tracking system for tracking a location of a target object moving within a defined space;

an illumination device having an arcuate profile and an angularly variable illumination
output; and

an 1llumination controller, responsive to the tracking system, for controlling the illumination
device to provide a visual tracking signal continually visible to the moving target within the space
and varying with the tracked location, the signal visually indicating the tracked location relative to

the tracking device.

9. The system of claim § wherein the tracking system comprises an ultrasound transducer
comprising a plurality of transducer elements, each element emitting and receiving ultrasound with
a spatial zone defined by a solid angle;

drive circuitry coupled to the transducer elements; and
an ultrasound controller for controlling ultrasound waves emitted from the transducer
elements and determining movements of objects based thereon, the illumination controller causing

the illumination device to output light to the spatial zone in which the target is located.

10.  The system of claim 9, wherein the illumination device comprises a plurality of individually
actuable segments each corresponding to one of the spatial zones, the segments being variably
actuated as the target moves so that at least the segment corresponding to the spatial zone in which

the target is instantaneously located is lit.

11.  The system of claim 10, wherein the transducer clements and the illumination segments are

arranged in a ring,

12.  The system of claim &, wherein the field covers at least 180° relative to the tracking device.

13.  The system of claim 8, wherein the field covers 360° relative to the tracking device.

14.  The system of claim 8, wherein the illumination device has an angularly variable
illumination output, the controller causing the visual signal to be confined to a variable arcuate
region continuously aligned with the tracked target.

15.  The system of claim 8, wherein the illumination device has a closed ring configuration, the

angularly variable illumination output extending fully around the ring.
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16.  The system of claim 8, wherein the illumination device comprises a plurality of individually
actuable segments, the controller variably actuating the segments as the target moves to maintain

the alignment.

17.  The system of claim 8, wherein:

the tracking system is configured to track a location of a second target object moving within
the defined space; and

the illumination controller is responsive to the tracked location of the second target object
and controls the illumination device to provide a second visual tracking signal continually visible
to the moving second target object within the space and varying with the tracked location of the
second target object, the second signal visually indicating the tracked location of the second target

object relative to the tracking device.
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