wo 2015/138396 A1 [N 00 OO A O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/138396 Al

17 September 2015 (17.09.2015) WIPO | PCT
(51) International Patent Classification: [US/US]; 10351 NE 10th Street, #2010, Bellevue, Wash-
GO6F 3/01 (2006.01) ington 98004 (US).
(21) International Application Number: (72) Inventors: ISHIKAWA, Muriel Y.; 1185 Hillcrest Aven-
PCT/US2015/019614 ue, Livermore, California 94550-4921 (US). KARE,
. 1o Jordin T.; 1567 Keesling Ave., San Jose, California 95125
(22) International Filing Date: (US). MUNDIE, Craii J.. 1209 38th Avenue East,
10 March 2015 (10.03.2015) Seattle, Washington 98112-4447 (US). PETROSKI,
(25) Filing Language: English Robert C.; 1435 E. John Street #405, Seattle, Washington
L ) 98112 (US). RUDDER, Eric D.; 8219 Avalon Dr, Mercer
(26) Publication Language: English Island, Washington 98040 (US). WOOD, Lowell L., Jr.;
(30) Priority Data: 989 112th Avenue NE #2310, Bellevue, Washington
14/203,401 10 March 2014 (10.03.2014) us 98004 (US). WOOD, Victoria Y.H.; 1185 Hillcrest Aven-
14/280,463 16 May 2014 (16.05.2014) Us ue, Livermore, California 94550-4921 (US).
14/496,037 25 September 2014 (25.09.2014) US  (74) Agents: STEWART, John C. et al.; 3150 139th Ave SE,
(71) Applicant: ELWHA LLC [US/US]; 3150 139th Ave SE, Bellevue, Washington 98005 (US).
Bellevue, Washington 98005 (US). (81) Designated States (uniess otherwise indicated, for every
(72) Inventors; and kind of national protection available). AE, AG, AL, AM,
(71) Applicants : CHEATHAM, Jesse R., Il [US/US]; 1301 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Spring St. Apt. 11E, Seattle, Washington 98104 (US). BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
HYDE, Roderick A. [US/US]; 9915 161st Ave NE, Red- DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
mond, Washington 98052 (US). MYHRVOLD, Nathan P. HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
[US/US]; 3150 139th Ave SE, Bellevue, Washington KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
98005 (US). TAN, Desney S. [SG/US]; 5901 106th Ave MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
NE, Kirkland, Washington 98033 (US). TEGREENE, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
Clarence T. [US/US]; 5910 E Mercer Way, Mercer Island, SD, SE, SG, SK, SL, 8M, ST, 8V, 8Y, TH, TJ, TM, TN,
Washington 98040 (US). WHITMER, Charles [US/US]; TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
15509 Uplands Way SE, North Bend, Washington 98045 (84) Designated States (uniess otherwise indicated, for every

(US). WILSON, Andrew [US/US]; 102 NE 43rd Street,
Seattle, Washington 98105 (US). WING, Jeannette M.

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

[Continued on next page]

(54) Title: SYSTEMS AND METHODS FOR A DUAL MODALITY SENSOR SYSTEM

FIG. 14

- 1400
e

w
=

1443

~
=

(57) Abstract: The present disclosure provides systems and methods for using two imaging modalities for imaging an object at two
difterent resolutions. For example, the system may utilize a first modality (e.g., ultrasound or electromagnetic radiation) to generate
image data at a first resolution. The system may then utilize the other modality to generate image data of portions of interest at a
second resolution that is higher than the first resolution. In another embodiment, one imaging modality may be used to resolve an
ambiguity, such as ghost images, in image data generated using another imaging modality.



WO 2015/138396 A1 |IIWAIK 00T VT AN KO AR

TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, Published:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2015/138396 PCT/US2015/019614

SYSTEMS AND METHODS FOR A DUAL MODALITY SENSOR SYSTEM

186013 All subject matter of the Priority Applications and the Related Applications
and of any and all parent, grandparent, great-grandparent, etc., applications of the
Priority Applications and the Related Applications, including any priority claims, is
incorporated herein by reference o the extent such subject matter is not inconsistent
herewith.

TECHNICAL FIELD
160027 This disclosure relates 10 sysiems and methods for generating an image
of an object within a region. Specifically, this disclosure provides systems and
methods for using a dual modalily sensor {e.g., ultrasound and electromagnetic

radiation) in combination with, for example, entertainment devices.

SUMMARY
(60031 A systemn may ulilize a dual modality sensor to generate image data. The
system may use a first modality {o generate coarse image data of an object. The
system may then use this coarse image data to identify portions of interest of the
object. The system may use a second modality to generate fine image data of the
identified portions of interest.
180041 For example, in varicus embodiments, a system may include one or more
uitrasonic transmitters and/or receivers to implement a first modality. In some
embodiments the transmitier(s) and/or receiver(s) may be embodied as one or more
transceivers. An uitrasonic transmitter may be configured o transmit ullrasound into a
region bounded by one or more surfaces. The ultrasonic receiver may receive direct
uitrasonic reflections from one or maore objects within the region. As described in detail
below, the system may use the ullrasonic transmitters and/or receivers to genegrale
coarse image data of an object and identify, based on the coarse image data, portions
of interest of the object.
(8005} For instance, in certain examples, a system may aiso be configured {o
receive, via an electromagnetic receiver, an electromagnetic reflection from an object

within a region. The system may generale fine image data of identified portions of
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interest using the received electromagnetic reflection. For example, after a portion of
interest has been identified via coarse image dala, the system may receive
electromagnetic radiation from the identified portion of interest and generate image
data with greater resolution than available in the coarse image data (referred o herein
as fine image data).

18006} In some embodiments, the dual modalities may be used 1o resoive at least
one ambiguity. For example, image data received from a first modality may include an
ambiguity, such as a ghost image. In such an example, a second modality may be
utilized by the system to resoive the ambiguily introduced by the first modality, e.g., the
ghost image in the image data generated using the first modality. As a specific
exampile, received slectromagnetic radiation can be utilized by a system o correct a
ghost image introduced by received ultrasound reflections.

160071 tither of the two modalities discussed above {i.e., electromagnetic
imaging and ultrascund) can be ulilized by the system to generate either the fing Image
data or the coarse image dala. For example, a first embodiment may utilize ultrasound
to generate coarse image data and electromagnetic imaging to generate fine image
data, whereas a second embodiment may ulilize electromagnetic imaging to generate
coarse image data and ultrasound to generate fine image data.

16008} The foregoing summary is illustrative only and is not intended o be
imiting in any way. in addition to the iilustrative aspects, embodiments, and features
described above, further aspects, embodiments, and festures are demonstrated with

reference o the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
8009} FiG. 1A Hlustrates a positioning system transmitting ultrasound toward
three persons within a bounded region.
8010} FiG. 1B dlustrates a direct ultrasonic reflection received by the positioning
system and the resulling “image” generated by the positioning system.
8011} FiG. 2A fllustrates a positioning system rebounding ulirasound off the wall

and then toward the three persons.
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6014} FIG. 2B illusirates a side view of the positioning system rebounding the
ultrasound off the wall and then toward the three persons.

16013} FIG. 3A illustrates a plurality of ultrasonic reflectors configured fo facilitate
the transmission, reflection, and/or reception of rebounded ultrascund by the
positioning system.

8014} FiG. 3B illustrates a plurality of active ultrasonic refleciors configured to
facilitate the transmission, reflection, and/or reception of rebounded ultrasound by the
positioning system.

(6015} FIG. 4A illustrates an actively controlled ultrasonic reflector in g first
position configured o pivol with respect to the wall on which it is mounted to facilitate
the transmission, reflection, and/or reception of rebounded ultrasound by the

positioning system.

{6016} FIG. 4B illustrates the actively controlled ultrasonic reflector in a second
position.
160171 FiG. 5 illustrates a block diagram of a positioning system, according to

one embodiment.

16018} FIG. 6 illustrates a flow chart of a method for generating positional data
describing a relative position of one or more ¢biects within a region.

8019} FIG. 7A illustrates an ultrasonic system transmitting and receiving
reflected ultrasound from a stationary object.

160201 FIG. 78 Hlustrates an ullrasonic system transmitting ultrasound at a first
frequency and receiving reflected ultrasound at a second frequency from an object
moving away from the ultrasound system.

60213 FIG. 7C lustrates an ultrasound system fransmitling ultrasound at a first
frequency and receiving reflected ultrasound at a second frequency from an object
moving foward the ultrasound system.

8022} FiG. 7D illustrates an ultrasonic system transmitting and receiving
reflected ultrasound from a stalionary object, similar to FIG. 7A.

8023} FiG. 7k #lustrates a timing delay in a reflected ultrasound from the object

as it moves away from the ultrasound system.
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6024} FIG. 8 illustrates ultrasound rebounded off of a reflector prior to being
reflected by an obiect moving away from an ullrasound receiver.

16025} Fig. . Hlustrates an eleclromagnetic position detection system used in
conjunction with an ultrasound velocity and/or acceleration detection system.

(6026} FiG. 10 ilustrates ultrasound reflected and/or rebounded from one or
more auxiliary reflectors.

160273 FiG. 11 illustrates a plurality of ultrasonic systems for determining velocity
and/or acceleration information from muiiiple directions.

16028} FiG. 12 illustrates a method for determining velocity and/or acceleration
information associated with a moving object.

16029} FIG. 13A illustrates a dual modality system transmitting and receiving
uitrasound reflected off a person standing within a bounded region.

160341 FiG. 138 Hliustrates a dual modality system generatling coarse image daia

of an object based on received ultrasonic reflections.

160313 FiG. 130 illustrates a dual modality system identifying several portions of
interest on an object based on coarse image data generated from ultrasonic
reflections.

8032} FiG. 14 illustrates a dual modality system using electromagnetic

reflections in conjunclion with ultrasound 1o receive additional image information from
identified portion of interesis.

8033} FIG. 16 Hllustrates a dual modality system generating fine image data of
portions of interest on a person.

(6034} FiG. 16 illustrates a method for generating an image using ultrasound and
glectromagnetic radiation.

(8035} FiG. 17 illustrates another meathod for generating an image using
uitrasound and eleclromagnetic radiation.

(8036} FiG. 18 illusirates a method for resolving ambiguities in an image using

uitrasound and electromagnetic radiation.
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DETAILED DESCRIPTION
8037} A system may utilize a dual modality sensor system o generate image
data. Forinstance, a system may ulilize two imaging modalilies for imaging an object
at two different resolutions. That i, the system may utilize a first modality {e.g., sither
uitrasound or glectromagnetic radiation) to generate image data of an object at a first
resolution. The system may then utilize the other modality to generate image data of
portions of interest on the object (not necessarily the entire ohject) at a second
resolution, where the second resolution is higher than the first resolution. Accordingly,
the dual modalilies may be used to generate a coarse {i.e., lower resolution) image of
the entire object using a first modality, identify portions of interest on the object, and
then generate a fine {i.e., higher resolution) image of the portions of interest using a
second modality.
(6038} As a specific example, a system may transmit ulfrasound, via a first
uitrasonic transmitter, into the region. An ultrasonic receiver may receive ultrasonic
reflections of the transmitted ultrasound from a plurality of sites on the object within the
region. A processor may generate coarse image data of the object at a first resolution
based on the received ulirasonic reflections. The system may then identify a portion of
interest on the object based on the coarse image data. Electromagnetic radiation may
be received from the identified portion of interest on the object. Fine image data of the
portion of interest on the object may be generated at a second resolution based on the
received slectromagnetic radiation. The second resolution may be greater than the
first resolution. In some embodiments, the first resolution may be greater than the
second resolution.
160391 In some embodimenis, a kinematic value may be determined that is
associated with the portion of interest on the object based on al least one of the
received electromagnetic radiation and the received ultrasonic reflections. Similarly, in
some embodiments, the slale of an entertainment device may be modified based on
the determined kinematic value asscociated with the portion of interest on the object.
100407 In some embodiments, the coarse image data described above may be
generated based on the received electromagnetic reflections and the fine image data
may be generated based on the received ullrasonic reflections. In any of the varicus
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embodiments described herein, the received electromagnetic radiation may be
generated by the system, by ancther system, by an auxiliary electromagnetic radiation
source, and/or comprise ambient electromagnetic radiation, such as light.

00413 In some embodiments, one imaging modality may be used to resolve an
ambiguily, such as ghost images, in image data generated using ancther imaging
modality. For example, an image generated using ulirasound imaging technologies
may have an ghosting image ambiguity that can be resolved using an electromagnetic
imaging technology (or even just an electromagnetic position/distance detection
technology).
0042} For example, a system may include one or more ullrasonic transmitters
and/or receivers, as well as one or more electromagnetic ransmitters and/or receivers.
EFach of these different modalities may capture image data at different resolutions. The
systern may generate non- or less-important image data at a lower resolution while
capturing important image data at a higher resolution. In some embodiments,
generaling only a portion of the image at a higher resolution may allow the system {o
process the image data faster and in a more compressed manner while still providing
high resolution of portions of interest.

8043} In some embodiments, the transmitter(s) and/or receiver{s) may be
embodied as one or more transceivers. The ultrasonic transmitier(s) and/or receiver(s)
may be operated by the system concurrently with the electromagnetic receiver(s) or in
sequential order before or after the electromagnestic receiver(s). The ullrasonic
transmitter(s) and receiver(s) may be used in combination with the electromagnetic
receiver to generate image data.

16044} One or more of the eleclromagnetic and/or ultrasonic ransmitters,
receivers, and/or transceivers may comprise a piezoslechric transducer that may be
part of a single transducer sysiem or an array of transducers. in some embodiments,
the transducers may comprise or be made from metamaterials. A flal sub-wavelength
array of ultrasonic fransducers may be used in conjunclion with the embodiments
described heregin, such as those utilizing arrays of metamaterials.

16045} The dual modality sensor system may be configured o utilize different

frequency spectrums. An ultrasonic transmitier used on such a system may be
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configured [o transmit ultrasound into a region bounded by one or more surfaces. The
utirasound may be between 20 kHz and 250 kHz. In one embodiment, the ultrasound
is specifically between 35 kMHz and 45 KHz. An electromagnetic transmitter and/or
receiver may also be used on such a sysiem to transmit and/or receive a range of
glectromagnetic radiation frequencies. For example, a system may be configured to
use electromagnetic microwave, teraheriz, infrared, visible, and/or uliraviolet radiation.
A dual modality sensor system may use the two modalities to produce more detailed
image data and/or to correct ambiguities introduced by one of the modalities.

(6046} For example, the system may use a first modality to generate coarse
image data of an object, and, o get more detailed data about an identified portion of
interest, the system may use a second modality to generate fine image data of the
identified portion of the object. For example, if the first modality produces an image
with a low resolution of an object, the second modality may be used {o provide a higher
resolution of portions of interest on the object. Another embodiment may include a first
modality that introduces an ambiguity info the image data. To correct the ambiguity, the
system may use a second modality that isn't suscepiible to the same type of ambiguity.
160477 For example, the system may include one or more ultrasonic ransmitiers
and/or receivers. The system may use the ultrasonic receivers and/or transmitiers to
generale coarse image data. For instance, an ulirasonic fransmitter may be configured
to transmit ultrasound into a region. An ultrasonic receiver may receive ultrasonic
reflections from one or more objects within the region. Based on these received
ultrasonic reflections, the system may generale coarse image data of the one or more
objects via a processor.

16048} The system may identify portions of interest on the object using the coarse
image data. For example, the sysiem may identify a person’s hand, finger, arm, leg
foot, toe, torso, neck, head, mouih, lip, and/or eye. The portion of interest identified
may be based on a state of an entertainment davice. Once one or more portions of
interest have been identified, the system may use a second modality {e.q.,
electromagnelic radiation) to gather further details about the portion of interest.

160497 For instance, the system may also eleclromagnetic receiver(s) and/or
transmitter{s). The system may generate fine image data of the identified portions of
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interest using received electromagnetic reflections. For example, after a portion of
interest has been identified using the coarse image dala, the system may receive
electromagnetic radiation from the identified portion of interest and generate higher
resolution image of the identified portions of interest.

(60501 In some embodiments, a second modality may be used o resolve atf least
one ambiguity inherent in or caused by the usage of the first modality. For example,
image data generated using the first modality may include an ambiguity. For example,
image data generated via ultrazound may have ghost images inherent in the image
data. In such an example, a second modality {e.q., electromagnetic radiation) may be
utilized by the system o resolve the ambiguity introduced by the first modality. For
instance, received electromagnetic radiation can be utilized by the syslem to remove
ghost images in the image data generated using the ultrasound reflections..

160513 tither of the two modalities discussed above {i.e., electromagnetic
imaging and ultrasocund) may be utilized by the system {0 generate gither fine image
data or coarse image data. For example, a first embodiment may utilize ultrasound o
generate coarse image data and electromagnetic imaging 1o generate fine image data,
whereas a second embodiment may utilize electromagnstic imaging to generale
coarse image data and ultrasound to generate fing image data.

(8052} A kinematic value associated with the object or a specific portion of
interest on the object may be determined. The kinematic value of an object may
comprise the position, velocity, and/or acceleration of the object. The kinemalic values
may be based on the received electromagnetic radiation and/or the received ulirasonic
reflections.

160531 In some embodimenis, the direct ultrasound may be reflected from a first
portion of an object and the rebounded ulirasound may be reflected from a second,
different portion of the object. Positional data may be determined using the received
ulirasonic reflections. Direct positional data may correspond to a first direclional
component of the position of the object and the rebounded positional data may
correspond o a second directional componernt of the position of the object. Similarly,
one or more direct and/or rebounded ultrasonic reflections may be used (o determine

velocity andfor acceleration. For example, velocity and/or acceleration information may
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be determined using a Doppler shift that corresponds to a motion of the reflecling
abject.

16054} In some embodimenis, received ultrasonic reflections (direct or
rebounded) may be used {o determine positional data. Positional data sampled al
various times may be used {o determine and/or estimate current and/or future velocity
and/or acceleration information associated with an object. In other embodiments, as
described herein, velocity and/or acceleration information may be calculated based on
a detected shift in ultrasound reflected by an object. For example, a system may detect
a Doppler shift in ultrasound reflected by an object relative 10 the transmitted
ulfrasound. A shift to a longer wavelength may indicate that the object is moving away
from the ultrasonic receiver. A shift to a shorter wavelength may indicate that the
object is moving toward the ultrasonic receiver. The detected shift may be related to a
frequency shift, a wavelength shift, a phase shift, a time-shifted reflection, and/or other
ulfrasonic shift.

(60551 Any number of direct and/or rebounded ulfrasonic reflections may be
obtained from one or more objects within a region {o obtain velocity and/or acceleration
data over a pericd of ime and/or to obtain more accurate velocity and/or acceleration
data with multiple data points. The transmitied ultrasound may be transmitted as
directional or non-directional ultrasonic pulses, continuously, in a modulated
(frequency, amplitude, phase, etc.) fashion, and/or other formal. The ultrasonic
transmissions may be spaced at regular intervals, on demand, and/or based on the
receplion of a previously transmitted ulfrasonic ransmission. Direct and rebounded
ultrasound pulses may be transmitted at the same time, or either one ¢an be
transmitted before the other.

(0056} Rebounded ultrasonic reflections may be defined as ultrasonic reflections
that, in any order, reflect off at least one surface in addition o the object. For example,
the rebounded ulfrasonic reflections may be reflected off any number of surfaces
and/or objects (in any order) prior to being received by the ultrasonic receiver.

18057} A mapping or positioning system may generaie positional dala associated
with one or more of the objeci(s) based on the direct ultrasonic reflection({s) and/or the
rebounded ultrasonic reflection(s). The positional data may comprise a centroid of the
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objects, a two-dimensional mapping of the obiagct, an image of the object, a false-color
reprasentation of the object, an information representation {blocks, squares, shadows,
etc.) of the object, a three-dimensional mapping of the obiect, one or more features of
the object, and/or other information.

(60581 The velocity and/or acceleration data may be defined with respect to one
or more surfaces of the region, the ultrasonic velocity/acceleration system, a receiver
of the system, and/or a transmitier of the system. The one or more objects within the
region may comprise machinery, robots, furmniture, household property, people in
general, gamers, human controliers of elecironic devices, electronic devices, fixtures,
and/or other human or non-human objecis.

(60581 The object may comprise a specific portion of a person, such as a hand,
finger, arm, leg, foot, tog, torso, neck, head, mouth, lip, or eve. In some embodiments,
rebounded ultrasonic ransmissions may be reflected off an ultrasonic reflector
disposed within the room. In some embodiments, the ultrasonic reflectors may be
mounted and/or ctherwise positioned within the region. In other embaodiments, the
uitrasonic reflectors may be held, worn, and/or otherwise in the position of the user or
operator of the ultrasonic positioning system. The ultrasonic reflectors may modify a
characteristic of the reflected ultrasound, facilitating the identification of the received
rebounded ultrasonic reflections.

180601 Ultrasonic reflectors may comprise passive, active, and/or actively
moved/pivoted ultrasonic refleciors for controlling the direction in which ultrasound
rebounds and/or otherwise travels within the region. For example, the ultrasonic
reflector may be configured o modify one or more of the frequency, phase, and/or
amplitude of the rebounded ultrasound. The modified characleristic may facilitate the
differentiation of the direct ultrasonic reflections and the rebounded ultrasonic
reflections. In some embodiments the direct and rebounded signals can be
differentiated using knowledge of the transmission or reception directions of the
respeciive beams. In some embodiments, the direct and rebounded signais can be
differentiated using knowledge of the time-of-flight of the respective beams. In some
embodiments, the direction of a reflected beam (and hence directional characteristics
of its delivered positional information) can be determined by knowledge of the

10
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orientation of the reflecting surface and its reflective characteristics. For example,
ulirasonic reflection from a surface may be dominated by specular reflection, thereby
allowing straightforward determination of the rebound geometry.

0061} The mapping or posilioning system may also generate velocity and/or
acceleration data using the rebounded uitrasonic reflection of the object{s) from the
one or more surfaces. Ht will be appreciated that a rebounded ultrasonic reflection from
a surface may be rebounded off the surface first and then the object, or off the object
first and then the surface.

(60621 The system may then generate enhanced velocity and/or acceleration
data by combining the direct velocity and/or acceleration data and the rebounded
velocity and/or acceleration data. The enhanced velocity and/or acceleration data may
be a concatenation of the direct and rebounded velocity and/or acceleration data or a
simple or complex function of the direct and rebounded velocity and/or acceleration
data.

(60631 For example, in one embodiment, the direct and rebounded velocity
and/or acceleration data may comprise only time-of-flight information, which, based
upon air sound-speed, can be converied to fransit distance information for each beam.
in such embodiments, the direct velocity and/or acceleration data provides a range
from the transceiver {o the object, i.e., leaving the velocity and/or acceleration
undefined along a two-dimensional spherical surface. Each potential obiect position
along this spherical surface leads, e.g., assuming specular reflections, to a distinct
time-of-flight for the rebounded beam from one surface (wall, ceiling, floor); this
rastricts the locus of possible velocities and/or accelerations of the object o & one-
dimensional arc along the spherical surface, thereby improving the velocity and/or
acceleration estimate(s).

16064} The system can further refine the velocity and/or acceleration data by
analyzing rebound data from a second surface. In the current example, each potential
object position along the spherical surface (obtained by the time-of-fight of the direct
beam) defines a first ime-of-flight for ultrasound rebounded from the first surface and a
second time-of-flight for ultrasound rebounded from the second surface; knowledge of
both times-of-flight determines the object’s position. it is clear that ime-of-flight dala

11
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from other surfaces can, by “over defining” the problem, improve the positional
astimate, e.g., by reducing sensitivity to measurement errors, 10 the effects of diffuse
reflections, ete. In other embodiments, the direct and rebounded velocity and/or
acceleration data may comprise direclional information.

(60651 For exampile, directional information for direct ultrasound can identify that
the object (or a specified portion of it} lies along a known ray, thereby providing two
components of its velocity and/or acceleration. Information from rebounded ultragsound
can then provide additional acceleration and/or velocity data sufficient to identify the
third component of the object’s velocity and/or acceleration, L.e., along the ray. The
rebounded ultrasocund may provide time-of-flight information; each object velocity
and/or acceleration along the ray corresponds to a different time-of-flight for rebounded
uitrasound from a surface, so the measured time-of-flight identifies the object’s
location, velocity, and/or acceleration. The rebounded ultrasound may provide
directional information (for either transmission or reception); the intersection of this
rebound ray with the direct ray serves to identify the object’s location, velocity, and/or
acceleration.

(6066} The enhanced velocity and/or acceleration data may be further enhanced
or augmented using additional velocity andfor acceleration data obtained via direct or
rebounded ultrasonic reflections and/or other velocity and/or acceleration data, such as
velocity and/or acceleration data obtained via other means/systems/methods {e.g.,
laser detection, cameras, etc.). The direct and the rebounded velocity and/or
acceleration data may provide velocity and/or acceleration data for the object at the
same or different times, depending on the time at which they are refiected from the
object. The enhanced positional data may be analyzed using a dynamical model, e.q.,
a Kalman filter, designed to combine velocity and/or acceleration data corresponding to
different times or direclional components, using them together with, and o improve,
estimates of the object’s present and/or fulure motion.

160671 In some embodiments, direct ultrasonic reflections may not be used.
Rather, a first rebounded ullrasonic reflection and a second rebounded ultrasonic
reflection may be used o generate velocity and/or acceleration data. It is appreciated
that any number of direct or rebounded ultrasonic reflections may be used to identify a

12
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position, velocity, acceleration, and/or other movement information of an object within a
region. In various embodiments, the velocity and/or acceleration data gathered using
uitrasonic reflections may be combined with other velocity and/or acceleration data,
such as infrared, velocity and/or acceleration data provided by manual input, echo
location, sonar technigues, laser, and/or the like.

10068} In various embodiments, one or more local, remote, or distributed systems
and/or system componenis may transmit ultrasound via an ulirasonic transmitter into a
region. The received ultrasound may include both direct reflections and rebounded
reflections. Velocily andfor acceleration data from both the direct reflections and the
rebounded reflections may be used o obtain velocity and/or acceleration data that
more accurately and/or more guickly describes the relative velocity and/or acceleration
data of one or more objects within the region.

(60691 Embodiments may include various steps, which may be embodied in
machine-executable instructions 1o be executed by a computer system. A computer
system includes one or more general-purpose or special-purpose computers {(or other
electronic devices). The computer system may include hardware components that
include specific logic for performing the steps or may include a combination of
hardware, software, andfor firmware.

8070} Embodiments may also be provided as a computer program product
including a computer-readable medium having stored thereon instructions that may be
used o program a computer system or other elecironic device to perform the
processes described herein. The computer-readabie medium may include, but is not
limited to: hard drives, floppy disketies, optical disks, CB-ROMs, DVD-ROMs, ROMs,
RAMs, EPROMs, EEPROMs, magnetic or optical cards, solid-state memory devices, or
ather types of media/computer-readable media suitable for storing electronic
instructions.

8071} Computer systems and the computers in a computer system may be
connected via a network, Suitable networks for configuration and/or use as described
herein include one or more local area netwaorks, wide area networks, metropolitan area
networks, and/or Internet or 1P networks, such as the World Wide Web, a privale

internet, a secure Internet, a value-added nelwork, a virtual private network, an
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extranet, an intranet, or even standalone machines which communicate with other
machines by physical transport of media. In particular, a suitable network may be
formed from paris or entireties of two or more other networks, including networks using
disparate hardware and network communication technologies.

(60721 One suitable network includes a server and several clienis; other suitable
networks may contain other combinations of servers, clients, and/or peer-to-peer
nodes, and a given compuier system may function both as a client and as a server.
Each networlk includes at least two computers or computer systems, such as the server
and/or clients. A computer system may include a workstation, lapiop computer,
disconnectable mobile computer, server, mainframe, cluster, so-called "network
computer” or “thin client,” tablet, smart phone, personal digital assistant or other hand-
held computing device, "smart” consumer electronics device or appliance, medical
device, or a combination thereof.

80731 The network may include communications or nefworking software, such as
the software available from Novell, Microsoft, Artisoft, and other vendors, and may
operate using TCPAPR, SPX, IPX, and other protocols over twisted pair, coaxial, or
optical fiber cables, telephone lines, radic waves, satellites, microwave relays,
modulated AC power lings, physical media transfer, and/or other data ransmission
“wires” known to those of skill in the art. The nelwork may encompass smaller
networks and/or be connectable to other networks through a gateway or similar
mechanism.

18674} Each computer system includes at least a processor and 8 memory;
computer systems may alse include various input devices and/or output devices. The
processor may include a general purpose device, such as an iniei®, AMD®, or other
“off-the-shelf” microprocessor. The processor may include a special purpose
processing device, such as an ASIC, &oC, SiP, FPGA, PAL, PLA, FPLA, PLD, or other
customized or programmable device. The memory may include static RAM, dynamic
RAM, flash memory, one or more flip-flops, ROM, CD-ROM, disk, tape, magnelic,
optical, or other computer storage medium. The input device(s) may include a
kevboard, mouse, touch screen, light pen, tablet, microphoneg, sensor, or other
hardware with accompanying firmware and/or software. The outpui device(s) may
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include a monitor or other display, printer, speech or text synthesizer, swiich, signal
line, or other hardware with accompanying firmware and/or software.

16075} The computer systems may be capable of using a floppy drive, tape drive,
optlical drive, magneto-optical drive, or other means (¢ read a storage medium. A
suitable storage medium includes a magnetic, optical, or other computer-readable
storage device having a specific physical configuration. Suitable storage devices
include floppy disks, hard disks, tape, CD-ROMs, DVDs, PROMs, RAM, flash memory,
and other computer system storage devices. The physical configuration represents
data and instructions which cause the computer system {0 operate in a specific and
predefined manner as described herein.

16076} Suitable software to assist in implementing the invention is readily
provided by those of skill in the pertinent art(s) using the teachings presented here and
programming languages and tools, such as Java, Pascal, C++, C, database
languages, APls, SDKs, assembly, firmware, microcode, and/or other languages and
tools. Suitable signal formats may be embodied in analog or digital form, with or
without error detection and/or correction bits, packet headers, network addresses in a
specific format, and/or other supporting data readily provided by those of skill in the
pertinent art{s).

80773 Several aspecis of the embodimenis described will be Hllustrated as
software modules or components. As used herein, a software module or component
may include any type of computer instruction or computer executable code located
within a memory device. A software module may, for instance, include one or more
physical or fogical blocks of computer instructions, which may be organized as a
routing, program, object, component, data structure, ete., thal performs one or more
tasks or implements particular abstract data types.

16078} In certain embodiments, a particular software module may include
disparate instructions stored in different locations of a memory device, different
memaory devices, or different computers, which together implement the described
functionality of the module. Indeed, a module may include a single instruction or many
instructions, and may be distribuled over several different code segments, among
different programs, and across several memory devices. Some embodiments may be

15



WO 2015/138396 PCT/US2015/019614

practiced in a distributed computing environment where tasks are parformed by a
remote processing device linked through a communications network. in a distributed
compuling environment, software modules may be located in local and/or remote
memory storage devices. In addition, data being tied or rendered together in a
database record may be resident in the same memory device, or across several
memaory devices, and may be linked together in fields of a record in a database across
a network.

180739} Much of the infrastructure that can be used according o the present
invenition is already available, such as: general purpose compulers, computer
programming tools and technigues, computer networks and networking technologies,
digital storage media, authentication, access conirol, and other security tools and
techniques provided by public kKeys, encryption, firewalls, and/or other means.

[G080T The embodiments of the disclosure are described below with reference {0
the drawings, wherein like parts are designated by like numerals throughout. The
components of the disclosed embodiments, as generally described and illustrated in
the figures herein, could be arranged and designed in a wide variely of different
configurations. Furthermore, the fealures, structures, and operations associated with
one embodiment may be applicable to or combined with the features, structures, or
operations described in conjunction with another embodiment. In other instances,
well-known structures, materials, or operations are not shown or described in detall to
avoid obscuring aspects of this disclosure.

60811 Thus, the following detailed description of the embodiments of the
systerns and methods of the disclosure is not intended o limit the scope of the
disclosure, as claimed, but is merely representative of possible embodiments. In
addition, the steps of a method do not necessarily need (o be executed in any specific
order, or even sequerntially, nor do the steps need to be executed only once.

8082} FiG. 1A lllustrates a dual modality positioning system 110 transmitting
uitrasound 120 toward three persons 151, 152, and 153 in a group 150 within a
bounded region 100. As illustrated, the bounded region 100 is bounded by a floor 141,
aleftwall 142, a back wall 143, a right wall 144, and a ceiling 145, A front wall (not
shown), may also bound the region 100.
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16083} The dual modality positioning system 110 may transmit the ultrasound 120
as directional ultrasonic pulses, continuously, in a modulated fashion {(frequency,
amplitude, phase, etc.), and/or in ancther formatl. The ultrasound 120 may be
transmitied directly loward the persons 151, 152, and 153. The ultrasound 120 may be
transmitted indirectly toward the persons 151, 152, and 153.

18084} In various embodiments, the dual modality positioning system 110 may be
any shape or size and/cr may comprise a plurality of distributed components. The
llustrated embodiment is merely an example and is not intended to convey any
information regarding shape, size, configuration, or functionality. In various
embodiments, the dual modality positioning system 110 may include an array of
transducers, such as piezoelectric transducers, configured to fransmit and/or receive
uitrasound and/or electromagnetic radiation. The dual modality positioning system 110
may be configured with a first plurality of transducers 112 (or a single transducer) for
transmitting ulfrasound and/or electromagnetic radiation and a second plurality of
transducers 113 {or a single transducer) for receiving ultrasound.

{80851 FiG. 1B illustrates a direct ultrasonic reflection 121 received by the dual
modality positioning system 110, As iilustrated, the direct ultrasonic reflection 121 may
convey coarse image information in a relatively two-dimensional faghion in which the
three persons 151, 1582, and 153 are viewed as a single object 160, or as three distinct
objects (161, 162, and 163} in substantially the same plane. FIG. 1B illustrates a visual
representation of the received direct reflection of ulfrasound 121, The actual positional
data received may be at a higher or lower resolution depending on the sampling rates,
accuracy, processing bit depth, frequency(ies) of ultrasound used, elc.

16086} FIG. 2A dlustrates a dual modality positioning system 210, similar o that
described in conjunction with FIGS. 1A and 1B, in which ultrasound 225 is transmitted
toward a surface bounding the region 200. In the Hllustrated embodiment, the
rebounding surface is left wall 242, 1t is appreciated that ultrasound may be rebounded
off one or more of lefl wall 242, ficor 241, back wall 243, right wall 244, and/or ceiling
245, Similarly, electromagnetic radiation may be rebounded off one or more of left wall
242, floor 241, back wall 243, right wall 244, and/or ceiling 245. In some embodiments,
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the system may receive electromagnetic radiation from other sources {e.g., ambient
light in the region).

160871 As used herein, the terms rebound and rebounding may include any type
of reflection, refraction, and/or repeating that may or may not include a phase,
frequency, modulation, and/or amplitude change. Rebounding may be performed by
the outer surface of the surface, an inner portion of the surface, or an object disposed
on, in, or behind the surface (e.g., exterior paint, drywall, internal metal, studs, interior
coatings, mounted panels, elc.).

(60881 The ultrasound may ultimately be rebounded 227 to reflect off persons
251, 252, and 253 at a different angle than that obtained in FIGS. 1A and 1B. The
illustrated embodiment shows the rebounded ultrasound 227 reflecting off the left wall
242 prior to the persons 251-253. However, the ultrascund may reflect off persons
251-253 prior (o the left wall 242 instead. Ultimately, ultrasound 225 may be
rebounded and/or reflected by persons 251-253 and one or more of surfaces/walls
241-245 in any order and then be received by positioning system 210,

18083} FiG. 2B illustrates a side view of the dual modality positioning system 210
described in conjunction with FIG. 2A with the rebounded ultrasound 226 being
received after reflecting off persons 251-253, at location 228, and rebounding off left
wall 242, FIG. 2B also shows g front wall 248, In some embodiments, all of the
ultrasound may be transmitied against a front wall 2486 o more evenly distribute
utirasound throughout the region (i.e., a wider effective beam width).

18690} As llustrated in FIG. 2B, the positional data obtained by the rebounded
ultrasound 226 may provide coarse image information not available via the direct
reflections shown in FIGS. 1A and 1B, e.g., due to ong object preventing direct
utirasound from reaching a second object {or another portion of the first object). For
instance, the visual representation of the positional data obtained illustrales three
distinct objects 261, 262, and 263 that are clearly in distinct planes relative (o the dual
modality positioning system 210. For instance, the positional dala generated based on
the rebounded ultrasound in FIG. 2B shows a dislance D between object 262 and
objects 261 and 263. Such a distance D may be difficult to determine or determined

differently if only direct reflections were available (as in FIGS. 1A and 18).
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160917 FIG. 3A illusirates a plurality of ultrasonic and/or electromagnetic radiation
reflectors 371, 372, 373, and 374 secured to, mounted to, positioned within, and/or
integrally formed with one or more of the surfaces 341, 342, 343, 345, and 346. in
some embodiments, a user/subject may hold or otherwise control a portable ultrasonic
and/or electromagnetic radiation reflector 375, The ulirasonic reflectors 371-375 may
facilitate the transmission, reflection, and/or reception of rebounded ultrasound by the
dual modality positioning system 310.

10092} The ultrasonic and/or electromagnetic radiation reflectors may comprise
passive, active, and/or actively moved/pivoted ultrasonic reflectors for controlling the
direction in which ultrasound rebounds and/or otherwise travels within the region. For
exampile, the ulirasonic and/or eleciromagnetic radiation reflector may be configured (o
modify one or more of the frequency, phase, and/or amplitude of the rebounded
uitrasound and/or electromagnetic radiation. The modified characteristic may facilitate
the differentiation of the direct ultrasonic and/or electromagnetic radiation reflections
and the rebounded ultrasonic and/or electromagnetic radiation reflections.

80931 The dual modality mapping or positing system 310 may generate
positional data associated with one or more of the object(s) based on the direct
ulfrasonic and/or slectromagnetic radiation reflection(s) {(e.g., FIGS. 1A and 1B) and/or
the rebounded ultrasonic and/or electromagnetic radiation reflection(s) (e.g., FIGS. 2A
and 2B). The positional data may comprise a centroid of the objects, a
two-dimensional mapping of the object, an image of the object, a false-color
representation of the object, an information representation (blocks, squares, shadows,
etc.} of the object, a three-dimensional mapping of the obiect, one or more features of
the object, and/or other information. The positional data generaled via one modality
(i.e., the ultrasonic or the eleciromagnetic radiation} may be at a higher or lower
resolution that the positional data generated by the other modality.

100947 The positional data may be defined with respect to one or more surfaces
of the region, the dual modality positioning system 310, a receiver of the positioning
system 312, and/or a transmitter 313 of the posilioning system. The one or more

objects within the region may comprise machinery, robots, furniture, household
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property, people in general, gamers, human controllers of electronic devices, electronic
devices, fixtures, and/or other human or non-human objecis.

160951 The object may comprise a specific portion of a person, such as a hand,
finger, arm, leg, foot, {og, torso, neck, head, mouth, lip, and/or eye. As illustrated in
FIGS. 3A and 3B, rebounded ultrasonic transmissions may be reflected off an
utfrasonic reflector 371-375 disposed within the room. In some embodiments, the
ultrasonic reflectors may modify a characteristic of the reflected ultrasound, Tacilitating
the identification of the received rounded ultrasonic reflections.

(6096} FiG. 38 illustrates a plurality of aclive ultrasonic reflectors 381-394
configured to facilitate the transmission, reflection, and/or reception of rebounded
ultrasound by the positioning system. As illustrated, aclive ultrasonic reflectors 381-
3894 may be connected {0 a power source, such as batlleries, solar cells, heat converts,
gutlets 380, and/or other suitable power source. In some embodiments, the ulirasound
itself may provide the power source,

(60871 FIG. 4A illustrates an actively controiled ultrasonic reflector 472 in a first
position. A dual modality positioning system 410 may be in communication with the
ultrasonic reflector 472, or the ultrasonic reflector 472 may be autonomous. In various
embodiments, the positioning system 410 may transmit ulfrasound 425 foward the
persons 451, 452, and 453 or toward the wall 442, as ilustrated. The ultrasound 425
may then be rebounded off the wall 442 or reflected by the persons 451-453,
raespectively.

180981 FIG. 4B illustrates the actively controlled ultrasonic reflector 472 ina
second position. The ultrasonic reflector 472 may be pivoted and/or controlled by a
pivot control 495,

10099} In some embodiments, pivot control 495 may change other reflective,
absorptive, and/or refractive properties of the ulirasonic reflecior 472, in addition to ils
direction. For example, an ultrasonic reflector 472 may have specific ultrasonic or
other acoustic absorptive properties. A pivol control 495 may adjust the pivoting and/or
acoustic and/or electrical properties.

1601047 FIG. 5 illustrates a block diagram of a positioning system 500, according
to one embodiment. As illustrated, a positioning system 500 may include a processor
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530, a memory 540, and possibly a nelwork 550 or other data transfer interface. A bus
520 may inlerconnect various integrated and/or discrete components. Various
modules may be implemented in hardware, software, firmware, and/or a combination
thereof.

160101} An ultrasonic transmitter module 580 may be configured to transmit
ultrasound in any of the various forms and/or methods described herein. An ultrasonic
receiver module 582 may be configured to receive a direct ultrasonic reflection from an
object within a region. Additionally, the ultrasonic receiver module 582 may be
configured {o receive rebounded ultrasonic reflection from the object. As used herein,
direct reflections and rebounded reflections refer to the various descriptions provided
herein as well as the generally understood and variations of these terms.

801027 A mapping system module 584 generales direct positional data associated
with the object based on one or more direct ultrasonic reflections. The mapping
system module 584 may also generate direct positional data associated with the object
based on one or more indirect uitrasonic reflections, as may be understood in the art.
The mapping system module 584 may alsc generate rebounded positional data
associated with the object based on one or more indirect ultrasonic reflections, as may
be understood in the art.

160103} A direct reflection module 388 may be configured to facilitate, manage,
and/or monitor the transmission and/or reception of direct reflections. The rebounded
reflection module 588 may be configured to facilitate, manage, and/or monitor the
transrmission and/or reception of rebounded reflections.

60104} The positional data calculation module 588 may generate direct positional
data associaled with the object based on ong or more direct ultrasonic reflections. The
positional data calculation module 589 may also generale rebounded positional data
associated with the object based on one or more rebounded ultrasonic reflections. The
positional data calculation module 589 may also generale enhanced positional data by
combining the direct positional data and the rebounded positional data.

(80105} FiG. 6 Hlustrates a flow chart of method 800 for generating positional data
describing 2 relative position and/or movement of one or more objects within a region.

The method steps are provided in no particular order and may be rearranged as would
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be technically feasible. A positioning system may transmit 605 ultrasound into a region
bounded by al least one surface. The positioning system may receive 610 direct
uitrasonic reflections from al least one object within the region.

00106} The positioning system may receive 612 rebounded ullrasonic reflections
from at least one object within the region. The rebounded ultrasonic reflections may
reflect off the wall(s) first and/or off the object{s) first. The positioning system may
generate 614 positional data based on the direct reflections from the object. The
positioning system may generaie 616 positional data based on the rebounded
reflections from the object.

001071 The positioning system may generate 618 enhanced positional data by
combining the direct positional data and the rebounded positional data. In other
embodiments, the positioning system may transmit the direct positional data and the
rebounded positional data to ancther electronic or other processing device for usage.
80108} Any of the various configurations of ultrasonic transmitiers, receivers,
reflectors, and/or other components described in conjunction with the detection of the
position of an object may also be applied o the embodiments described herein with
respect to the detection and/or calculation of velocity and/or acceleration data
associated with an obiect or objects, including those embodiments described below
with reference to FIGS. 7A-12. For example, direct and rebounded reflections, mulliple
reflectors and/or ultrasonic paths may be used o calculate velocity and/or acceleration
data associated with an object within a region.

186108} FIG. 7A dlustrates an ultrasonic system 710, which can be used as part of
a dual modality system, transmitting 720 and receiving 740 reflected ultrasound from a
stationary object 730. The spacing betwesn the arcs representing the ullrasound 720
and 740 is represeniative of the wavelength and/or frequency of the ultrasound. With
the obiect 730 in a stationary position, the reflected ultrasound 740 is not shifted with
respect to the transmitted ultrasound 720.

60114} FIG. 7B illusirates the ultrasonic system 710 transmitting ultrasound 720
at a first frequency and receiving reflected ultrasound 741 at a second frequency from
an object moving away from the ultrasound system 710. The frequency shift can be
detected and used o determine the velocily of the reverse motion of the object 730.
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For example, the velocity of the obiect 730, V., is equal 1o the change in frequency, Af,
multiplied by the velocity of the ultrasound, Vi, divided by the frequency of the
transmitted ultrasound, frans, relative to the ultrasonic receiver. Any of a wide varisty
Doppler shift velocity and/or acceleration calculation and/or estimation algorithms may
be utilized.

801113} FiG. 7C illusiraies an ulirasound system 710 transmitting ultrasound 720
at a first freguency and receiving reflected ultrasound 742 at a second freguency from
an object 730 moving toward the ultrasound system 710. Again, any of a wide variety
of Doppler shift algorithms for calculating, determining, and/or estimating the relative
velocity of the object 730 with respect o the ultrasonic system 710 may be used. For

exampile, the Doppler equation:

[00112] f= (CW");Q. Equation 1

CH+V,
80113} in equation 1 above il is assumed that a transmission medium {e.q., air} is
relatively stationary, £ is the frequency of the received ultrasound, C is the velocity of
the ultrasound in the medium (e.g., air), V. is the velocity of the ultrasonic receiver
relative {0 the medium, V, is the velocity of the object relative 1o the medium, and £ is
the frequency of the transmitted ullrasound. An acceleration of the object may be
determined using velocity calculations at mulliple discrete time periods and/or by
detecting a change in in the frequency of the received ulfrasound, 7, over time.
160114} As described herein, the ulirasonic system 710 may include one or more
ulfrasonic transmitters and/or ulirasonic receivers and the transmitiers and receivers
may be physically joined (as lllustrated in FIG. 7C) or they may be separaied and even
possible positioned in disparate locations within the region. In some embodiments, the
transmitiers and receivers may be embodied in a single transducer. In other
embodiments, each transducer may act as both an ultrasound transmitter and an
uitrasound receiver. In yet other embodiments each transducer may be used in
conjunction with an electromagnetic position detection system and/or receiver system
as a dual modalily system.
86115} FIG. 7D lustrates an ultrasonic system 710 fransmitting and receiving
reflected ullrasound 720 and 743 from a stationary object 730, similar to FIG. 7A. FIG.

7D provides a representative context for FIG. 7E.
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60118} FIG. 7E dlusirates a timing delay and/or phase shift, iltustrated as missing
wave arc 757, in reflected ullrasound 743 from the object 730 as it moves away from
the ultrasound system 710. As provided herein Doppler shifts may be used (o
determing acceleration and/or velocity information associated with a moving object. it
is, however, recognized the various methods of velocity measurement may be utilized.
including, for example, phase shift {i.e., when received signals arrive) measurements,
similar {0 those used in Doppler echocardiography. It is appreciated thati various 1D,
2D, and 3D vector Doppler calculations of velocity and/or acceleration information of an
object may be incorporated into the presently described systems and methods,
including, but not limiled to , 2D Doppler Imaging, Vector Doppler, Speckie Tracking,
and others.

801177 FiG. 8 illustrates ultrasound 820 rebounded, at 821, off of a reflecior 850
{e.g., an auxiliary reflector) prior {6 being reflected by an object 830 moving away from
an ulirasound receiver 810. A shift in the received ultrasound 84 relative (o the
transmitted ultrasound 820 can be used {¢ determine a velocity of the object 830
relative o the ultrasonic receiver 810.

60118} in one embodiment, the ulirasound may first be reflected by the object
830, and then rebounded by the reflector 850, In such an embodiment, it may be
possible to determine velocity and/or acceleration information of the object 830 relative
to the reflector 850.

80119} FiG. 8 Hiustrates an electromagnetic position detection system 913 used
in conjunclion with an ultrasound velocity and/or acceleration detection system 210 as
a dual modality system. The ulirasonic velocity andior acceleration detection system
910 may operate and/or be configured in conjunchion with any of the various
embodimenis described herein for determining position, velocity, and/or acceleration
information at a current time and/or for estimating such information at a future time.
The electromagnetic position detaction system 913 may detect a position of the object
930 using time-of-flight. For example, a laser or other electromagnetic radiation source
may be used {0 measure a ime-of-flight between the system 913 and the object 930

The position information obtained via an electromagnetic system 913 may be used in
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conjunction with velocity and/or acceleration data obtained using the ultrasonic system
910 described herein.

[60120] FIG. 10 Hlustrates ulirasound 1020 reflected and/or rebounded from one or
more auxiliary reflectors 1030 and 1040. As described in various embodiments, an
uitrasound receiver/ransmitter 1010 may utilize direct reflections from an object within
a region {o determine velocity and/or acceleration information based on a delecied
frequency shift and/or phase shift. In some embodiments, rebounded uitrasonic
reflections may be utilized in addition to or instead of direct uitrasonic reflections.
Uitrasound reflectors 1030 and 1040 may be aclive or passive and may be integrated
into one or more appliances, walls, or other features of the region. Insome
embodiments, existing walls, room features, furniture, people, ohjects, or the like may
be identified andfor specified as reflectors 1030 and 1040,

60121} FiG. 11 Hlustrates a plurality of ultrasonic systems 1120, 1121, 1122, and
1123 for determining velocity and/or acceleration information from multiple directions
relative {0 the object 1110 or a site on object 1110 within a region 1100, In varicus
embodiments, each ultrasonic systern 1120-1123 may include one or more ultrasonic
transmitiers and one or more ullrasonic receivers. In other embodiments, one or more
of the ultrasonic systems 1120-1123 may include one or more ultrasonic transmitiers or
one or more ultrasonic receivers. In some embodiments, the ultrasonic transmitiers
and ultrasonic receivers may be separate components spaced apart from one another.
As HHlustrated, the ultrasound may be rebounded off of one or more auxiliary reflectors
141, 142, 143, and 144,

80122} FIG. 12 Hllustrates a method 1200 for determining velocity and/or
acceleration information associated with a moving object. Ultrasound may be
transmitied 1205 inio a region bounded by at least one surface. Some embodiments
may utilize direct reflections from the object o determine velocily and/or acceleration
data based on a detected shift in the ultrascund, as provided in block 1240, A receiver
may receive 1210 direct ultrasound reflections from at least one object or a site on an
object within the region. A shift, such as a wavelength shift, frequency shift, or phase

shift, may be determined 1211 between the transmitted ultrasound and the received
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uitrasound. The system may then generate 1214 velocity and/or acceleration data
based on the detected shift.

55 L

60123} it is understood that "determining a shift,” "detecling a shift,” “calculaling a
shift,” and the like may not necessarily require an actual determination of the difference
between the, e.g., frequency, of the transmitted and received ultrasound. That s,
“‘detecting a shift” and similar phrases may be constructively performed during a
Doppler caiculation of velocity andfor acceleration. For example, “detecting a shift”
may be constructively performed if a velocity of an object is determined using (1) a
known/measured frequency of ransmitted ultrasound and {2) a known/measured
frequency of ultrasound reflected by the object. The system may or may not actually
calculate the frequency difference between the transmitted and received ultrasound, as
various derivative and equal algorithms for Doppler-based velocity calculations may be
utilized.

80124} In some embodiments, rebounded reflections from the object may be used
to determine velocity and/or acceleration data based on a detecled shift in the
uitrasound, as provided in block 1250, Ultrasocund may be transmitted 1205 into a
region bounded by at least one surface. A receiver may receive 1212 rebounded
uitrasound reflections from at least one object or a site on an object within the region.
A shift, such as a wavelength shift, frequency shif, or phase shiff, may be determined
1213 between the transmitted ultrasound and the received ultrasound. The sysiem
may then generate 1218 velocity and/or acceleration data based on the detected shift,
in various embodiments, velocity and/or acceleration data from direct reflections and
rebounded reflections may be optionally combined 1218, Velocity and/or acceleration
data from direct reflections and rebounded reflections may be used o determine two-
dimensional vectors of velocity and/or acceleration information related to the object or
a site on the object.

(80125} FiG. 13A Hllustrales a dual modalily system 1310a transmitting ultrasound
13252 and receiving ultrasound 1327 reflected off a person 1362a standing within a
bounded region 1300a. As illustrated, the bounded region 1300z is bounded by a floor
13413, a left wall 13424, a back wall 13434, a right wall 13444, and a ceiling 1345a. A
front wall (not shown), may also bound the region 1300a.

26



WO 2015/138396 PCT/US2015/019614

60128} The dual modality system 1310a may utilize s ulirasound modality similar
to that discussed in relation to the previous figures. For example, the dual modality
system 1310a may transmit the ultrasound 1325a as direclional ulfrasonic pulses,
continuously, in a modulated fashion (frequency, amplilude, phase, elc.), and/or in
ancother formatl. The ultrasound 13253 may be transmitted directly toward the person
1362a and/or the ultrasound 1325a may be transmitted indirectly toward the person
1362a.

180127} FiG. 138 Hiustrates a dual modality system 1310b generaling coarse
image data of an object based on received ultrasonic reflections. As illustrated, the
direct ultrasonic reflection 1327b may convey coarse image information in a relatively
two-dimensional fashion. Dual modality system 1310b may use a processor to
generate coarse image data of a person 1362b or other ohject. The actual image data
received may be at a higher or lower resolution depending on the sampling rates,
accuracy, processing bit depth, frequency(ies) of ulrasound used, etc. In certain
sxamples, {0 use less processing power, the dual modality system 1310b may use a
low resolution to track the object as a whole, If a low resolution is used, portions of
interest may be identified for which more detailed information is desirable, useful,
and/or necessary for a particular application.

60128} FiG. 13C illustrates a dual modality system 1310¢ identifying several
portions of interest on an object using on coarse image data generated from ultrasonic
reflections 1327¢ (or alternatively using received electromagnetic radiation). Portions
of interest on a person 13682¢ may include a hand, finger, arm, lag, foot, toe, torso,
neck, head, mouth, lip, and eve. For example, as illustrated in FIG. 130 dual modality
system 1310¢ has identified the hands, feetl, and head as portions of interest on person
1362¢.

[60129] The portion of inlerest may be identified based partly on the state of an
associated enterfainment device. For example, a state of the associated enteriainment
device may utilize a hand movement for a particular action that cannot be determined
using coarse image data. in that situation, the dual modality system 1310¢ may
identify the hands of a person 1362¢ as a portion of interest for which fine image data

(i.e., higher resolution images) are desired. Whatever portions of interest are
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identified, the dual modality system 1310¢ may use a second modality o receive
additional and more detailed image information.

1601381 For example, FIG. 14 llustrates a dual modality system 1410 usging
electromagnetic imaging in conjunclion with ullrasound 1425 to receive additional
image information from identified portion of interests. In addition to ulirasound, the
dual modality system 1410 may use electromagnetic transmiiters and/or receivers {0
receive/determineg eleciromagnetic image information. For example, a laser or other
electromagnetic radiation source may be used 1o receive image data of an object. In
certain examples, the dual modality system 1410 may use a receiver such as an
infrared receiver {0 gather image data from ambient radiation sources. In certain
examples, electromagnetic radiation received may include microwave, teraheriz,
infrared, visible, and/or ultraviolet radiation.

160131} A system may use electromagnetic imaging capabilities 1o sither receive
coarse image data at a low-resolution or fine image data at a higher, more detailed
resolution. For example, FIG. 14 idllustrates a dual modality system 1410 receiving
electromagnetic radiation from an identified portion of interest on a two-dimensional
coarse image generated using received ultrasound reflections 1427, The
glectromagnetic radiation received may be used to generate a higher resolution image
than the image generaled using the received ullrasound reflections 1427.

86132} For example, FIG. 15 illustrates a dual modality system 1510 generaling
fine image data of portions of interest on a person 1562, One modality, such as
ultrasound 1525, may be used o generate a coarse image with a low resolution while a
second modality, such as electromagnetic radiation, may be used o generate a
detailed image with a higher resolution. It will be understood that either ultrasound or
electromagnetic radiation may be utilized o gather the low-resolution image or the
higher resolution image.

80133} FiG. 16 illusirates a method for generating an image using ultrasound and
slectromagnetic radiation. The method steps are provided in no particular order and
may be rearranged as would be technically feasible. A dual modality system may
transmit 1605 ultrasound into a region bounded by at least one surface. The dual

modality system may receive 1607 direct or rebounded ultrasonic reflections from at
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least one object within the region. Using the received ullrasonic refiection, the dual
modality system may generate 16090 coarse image data of the object. The dual
modality system may identify 1611 one or more portions of interest on an object. The
dual modality system may receive 1613 electromagnetic radiation from the portion{s} of
interest, and using the electromagnetic radiation, generate 1615 fine image data of the
object. The fine image data may be of a higher resolution than the coarse image data.
Opticnally, the gsystem may also determineg 1617 a kinematic value associated with the
portion of interest, and modify 1818 the state of an entertainment device based on the
kKinematic value.

180134} FiG. 17 illusirates a method for generating an image using ultrasound and
glectromagnetic radiation. The method steps are provided in no particular order and
may be rearranged as would be technically feasible. The dual modality system may
receive 1702 electromagnetic radiation from a plurality of sites within a region. In some
embodiments, the received slectromagnetic radiation may be used 10 generate a
coarse image of an object or site on an object with the region. The dual modality
system may identify 1704 one or more portions of interest on an object. The dual
modality system may transmit 1706 ultrasound into the region, and receive 1708 direct
or rebounded ultrasonic reflections from the portion of interest. From the received
utirasonic reflection, the dual modality system may generate 1710 fine (higher
resolution) image data of the object andfor portions of interest on the object.
Optionally, the system may also determine 1712 a Kinematic value associated with the
portion of interest, and maodify 1714 the stale of an entertainment device based on the
kinematic value.

160135] FIG. 18 llustrates a method for resolving ambiguities in an image using
utirasound and electromagnetic radiation. The method steps are provided in no
particular order and may be rearranged a3 would be technically feasible. A dual
modality system may transmit 1805 ulirasound into a region bounded by at ieast one
surface. The dual modality system may receive 1807 direct or rebounded ultrasonic
reflections from al least one object within the region. Using the received ultrasonic
reflection, the dual modalily system may generate 1808 image data of the object. The
image data generated using the received ulirasonic reflection may include at least one
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ambiguily, such as a ghost image. The dual modality system may receive 1811
electromagnetic radiation from the cbiect that is sufficient to resolve the ambiguity.
The dual modality system may generate 1813 enhanced image data thal resolves the
ambiguity based on the received electromagnetic radiation. Optionally, the system
may also determine 1815 a kinematic value associated with the portion of interest
and/or modify 1817 the state of an eniertainment device based on the kinemalic value.
160138} This disclosure has been made with reference {o various exemplary
embodiments, including the best mode. However, those skilled in the art will recognize
that changes and modifications may be made {o the exemplary embodiments without
departing from the scope of the present disclosure. While the principles of this
disclosure have been shown in various embodiments, many moedifications of structure,
arrangements, proportions, elements, materials, and components may be adapted for
a specific environment and/or operating requirements without departing from the
principles and scope of this disciosure. These and other changes or modifications are
intended to be included within the scope of the present disclosure,

801371 This disclosure is {0 be regarded in an illustrative rather than a restriclive
sense, and all such maodifications are intended {0 be included within the scope thereof.
Likewise, benefils, other advantages, and solutions to problems have been described
above with regard to various embodiments. However, benefils, advantages, solutions
to probiems, and any element(s) that may cause any benefit, advaniage, or solution to
gecur or become more pronounced are not 1o be construed as a critical, required, or
essential feature or element. The scope of the present invention should, therefore, be
determined by the following claims:
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CLAIMS

1. A method for generating an image of an object within a region, comprising:

transmitting ulirasound, via a first ultrasonic transmitter of an ultrasonic
fransmission system, into the region;

receiving, via a first ultrasonic receiver of an ulirasonic receiver system,
ultrasonic reflections of the transmitled ultrasound from a plurality of sites on the object
within the region;

generating, via a processor, coarse image data of the object at a first resolution
based on the received ultrasonic reflections;

identifying a portion of interest on the object based on the coarse image data;

receiving electromagnetic radiation from the identified portion of interest on the
object;

generating fineg image data of the portion of interest on the object at a second
resclution based on the received electromagnetic radiation, wherein the second
resolution is greater than the first resolution;

determining a Kinematic value associated with the portion of interest on the
ohject based on at least gne of the received electromagnetic radiation and the received
ultrasonic reflections; and

modifying the state of an entertainment device based on the determined

kinematic value associated with the portion of interest on the object.

2. The method of claim 1, wherein the portion of interest is identified based
at least in part on a state of the entertainment device.

3. The method of claim 1, further comprising transmitting electromagnetic
energy into the region via an electromagnetic transmitter, and

whergin receiving electromagnetic radiation from the identified portion of interest
on the object comprises receiving a refiected portion of the transmiited slectromagnetic

radiation.
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4, The method of claim 1, wherein at ieast one of the transmitied ultrasound
and the received reflected ultrasound are rebounded from an auxiliary ullrasonic

reflector.

5. The method of claim 1, wherein calculating the kinematic value associated
with the portion of interest on the object comprises a Doppler velocity calculation in
which the first velocity (Vaep) 18 & function oft a calculated shift {As), the frequency of the
fransmitted ultrasound (fo), an arrival velocity of the ultrasound (Vi,), and a departure
velocity of the ultrasound (Vau.

8. The method of claim 1, wherein detecting a shift and calculating the first
velocity component are performed using a derivation or equivalent equation o the

C—V,
C+V,

following sguation: f, = ( )_ft, wheare {. is based on the freguency of the received

ultrascund, C is based on a velocity of the ultrasound in a medium within the region, V,
is based on a velocity of the site on the object relative 1o the medium, and # is based on
a frequency of the transmitied ultrasound.

7. The method of claim 1, further comprising:

receiving, via a second ulirasonic receiver of the ulirasonic receiver system that
iz physically separated from the first ulirasonic receiver, an ultrasonic reflection from the
object;

detecting a shift of the ultrasonic reflection received by the second ultrasonic
receiver; and

calculating, via the processor, a second Kinematic value associated with the
portion of interest on the object based on the detected shift of the ultrasonic reflection

received by the second ultrasonic receiver.
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8. The method of claim 7, further comprising:

receiving, via a third ultrasonic receiver of the ultrasonic receiver system that is

physically separated from the first ultrasonic receiver, an ultrasonic reflection

from the object;

detecting a shift of the ultrasonic reflection received by the third ulfrasonic
receiver; and

calculating, via the processor, a third kinematic value associated with the portion
of interest on the object based on the detected shift of the ullrasonic reflection received

by the third ultrasonic receiver.

g. The method of claim 8, wherein the first, second and third ultrasonic

receivers are non-collinear with respect (o one another.

10, The method of claim 1, wherein a plurality of kinematic values are

calculated for a corresponding plurality of sites on the object.

1. The method of claim 10, wherein the plurality of kinematic vaiues are used

o determine a transiational velocity of the object.

12, The method of claim 1, wherein the portion of interest on the object
comprises a portion of a person selecied from the group consisting of a hand, finger,

arm, leg, foot, toe, torso, neck, head, mouth, lip, and eye.

13. The method of claim 1, wherein determining the kinematic value of the
portion of interest on the object comprises:
fransmitting ultrasound, via the ulfrasound transmission sysiem, into the region,
wherein the region is bounded by a first surface;
receiving, via an ullrasonic receiver system, a direct ultrasonic reflection from the
object generaling a direct positional data associated with the object based on the direct

ultrasonic reflection;
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receiving a rebounded ultrasonic reflection from the object, wherein the
rebounded uitrasonic reflection comprises ultrasound reflected by the object and the
first surface prior to being received by the ultrasonic receiver;
generaling rebounded positional data using the rebounded ultrasonic reflection of
the object from the first surface; and
generating enhanced posiional data by combining the direct positional data and the

rebounded positional data.

14, The method of claim 1, wherein determining the kinematic value of the
portion of interest on the object comprises:
transmitling ultrasound into the region, wherein the region is bounded by a first
surface;
receiving a direct ultrasonic reflection from the object generating direct positional
data associated with the object based on the direct ultrasonic reflection;
receiving a rebounded ultrasonic reflection from the object, wherein the
rebounded ultrasonic reflection comprises ultrasound reflected by the object and the
first surface prior o being received;
generating rebounded positional data using the rebounded ultrasonic reflection of
the object from the first surface; and
generating enhanced positional data by combining the direct positional data and the

rebounded positional data.

15, The method of claim 14, further comprising:

receiving an additional rebounded ultrazonic reflection from the object,

wherein the additional rebounded ultrasonic reflection comprises ultrasound
refiected by the object and a second swrface bounding the region prior to being
received;

generating additional rebounded positional data using the additional rebounded
ultrasonic reflection of the object from the second surface; and

supplementing the enhanced positional data with the additional rebounded

positional data.
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16.  The method of claim 14, wherein transmitling the ultrasound comprises:

transmitting a first ultrasonic puise that is received as the direct ultrasonic
reflection; and

transmitting a second ulirasonic pulse that is received as the rebounded

ultrasonic reflection.

17. A method for generating an image of an object within a region, comprising:

receiving slectromagnetic radiation from a plurality of sites on an object within a
region;

identifying a portion of interest on the object based on the received
electromagnetic radiation;

transmitling ultrasound, via a first ultrasonic transmitter of an ultrasonic
fransmission system, info the region;

receiving, via a first ulirasonic receiver of an ultrasonic receiver system,
ultrasonic reflections of the transmitied ultrasound from the portion of interest on the
object within the region;

generating, via a processor, image data of the portion of interest on the object at
a first resolution based on the received ultrasonic reflections;

determining a kinematic value associated with the portion of interest based on at
teast one of the received electromagnetic radiation and the received ultrasonic
reflections; and

maodifying the siate of an entertainment device based on the determined
kinematic valug associated with the portion of interest on the object.

18, The method of claim 17, further comprising generating image data of the
chiact at a second resolution based on the received electromagnetic radiation, wherein

the second resolution ig less than the first resolution.

18, The method of claim 17, further comprising transmiiting electromagnetic

radiation info the region.
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20. A method for generating an image of an object within a region, comprising:

fransmitting ultrasound, via an ullrasonic transmission system, into the region;

receiving, via an ultrasonic receiver system, ultrasonic reflections of the
fransmitied ultrasound from g plurality of sites on the object within the region;

generaling, via a processor, image data of the object at a first resolution based
on the received ultrasonic reflections, wherein the image data at the first resolution
includes at least one ambiguity;

receiving slectromagnetic radiation reflected by the object that is sufficient to
resolve the atf least one ambiguity;

generating enhanced image data resolving the at least one ambiguily based on
the received slectromagnetic radiation;

determining a kinematic value associated with the object based on at least ong of
the received slectromagnetic radiation and the received ultrasonic reflections; and

maodifying the state of an entertainment device based on the determined

kinematic value associated with the portion of interest on the object.

21, The method of claim 20, wherein resclving the at least one ambiguity
comprises determining which of a plurality of images associated with the image data is
a ghost image.

22, The method of claim 20, further comprising directing electromagnetic

radiation fowards a site on the object associated with the at least one ambiguity.

23. A system for generating an image of an object within a region, comprising:

an ultrasonic transmitter configured to transmit ultrasound into the region;

an ultrasonic receiver configured to receive an uilrasonic reflection of the
transmitted ultrasound from a plurality of siles on the object within the region;

a first imaging module configured to generate coarse image data of the object at

a first resolution based on the received ultrasonic reflections;
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an identification module configured to identify a portion of inlerest on the object
based on the coarse image data;

an electromagnelic radiation receiver configured 1o receive electromagnetic
radiation from the identified portion of interest on the object;

a second imaging module configured to generate fine image data of the portion
of interest on the object at a second resolution based on sleciromagnetic radiation
received by the electromagnetic radiation receiver, wherein the second resoiution is
greater than the first resolution;

a kinematic determination module configured to determine a kinematic value
associated with the portion of interest on the object based on at least one of received
electromagnetic radiation and received ultrasonic reflections; and

a modification module configured to modify the state of an enterfainment device

based on the kinematic value associated with the portion of interest on the object.

24, The system of claim 23, wherein the kinematic vaiue of the object

comprises a velocity of the object.

25, The system of claim 23, wherein at least one of the transmitted ultrasound

and the reflected ultrasound are rebounded from an awxiliary ultrasonic reflector.

28. The system of claim 23, further comprising:

a second ultrasonic receiver that is physically separated from the first ulirasonic
receiver, wherein the second ultrasonic recelver is configured to receive an ultrasonic
reflaction from the sits;

wherein a shift module is configured o detect a shift of the ultrasonic reflection
received by the second ultrasonic receiver, and

wherein the kinemalic value module is configured to calculate a second
kinematic valug associated with the portion of interest on the object based on the

detected shift of the ultrasonic reflection received by the second ultrasonic receiver.
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27.  The system of claim 26, further comprising:

a third ultrasonic receiver that is physically separated from the first and second
ultrasonic receivers, wherein the third ultrasonic receiver is configured to receive an
ultrasonic reflection from the site,

wherein the shift module is configured to detect a shift of the ulirasonic reflection
received by the third ultrasonic receiver, and

wherein the kinematic value module is configured to calculate a third kinematic
value associated with the portion of interest on the object based on the detected shift of

the ultrasonic reflection received by the third ultrasonic receiver.

28.  The system of claim 27, further comprising:

a prediction module configured o predict a relative position of the object at a
future time based on (1) the first kinematic vaiue associated with the portion of inferest
on the object, (2) the second kinematic value associated with the portion of interest on
the object, and {3) the third kinematic value associated with the portion of interest on the

chject.

29, A system for generating an image of an object within a region, comprising:

an electromagnetic radiation receiver configured to receive electromagnstic
radiation from a plurality of sites on an object within a region;

an identification module configured to identify a portion of interest on the object
based on the received slectromagnetic radiation;

an ultrasonic transmitier configured {o ransmit ultrasound into the region;

an ulirasonic receiver configured to receive an uitrasonic reflection of the
transmitted uitrasound from the portion of interest on the objact within the region;

a first imaging module configured to generate image data of the portion of
interest on the object at a first resclution based on the received ultrasonic reflections;

a kinematic determination module configured to determine a kinematic value
associated with the portion of interest on the object based on at least one of received

electromagnetic radiation and received ultrasonic reflections; and
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a modification module configured {o modify the state of an entertainment device

based on the kinematic value associated with the portion of interest on the object.

30.  The system of claim 29, wherein the kinemalic value of the object
comprises a position of the object.
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