US 20180025500A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2018/0025500 A1

NIELSEN et al. 43) Pub. Date: Jan. 25, 2018
(54) METHOD OF TRACKING ONE OR MORE GO6T 7/254 (2006.01)
MOBILE OBJECTS IN A SITE AND A HO4N 7/18 (2006.01)
SYSTEM EMPLOYING SAME (52) US. CL
) CPC ......cc..... GO6T 7/277 (2017.01); GO6T 7/254
(71)  Applicant: APPROPOLIS INC., Calgary (CA) (2017.01); GO6K 9/00664 (2013.01); HO4N
7/181 (2013.01); GO6T 7/74 (2017.01); GO6K
(72) Inventors: Jorg.en S. NIELSEN, Calgary (CA); 9/6278 (2013.01); GOLS 5/0252 (2013.01);
Christopher S. NIELSEN, Calgary GO1S 5/0294 (2013.01); GOIS 5/0263
(CA); Zhe HE, Calgary (CA) (2013.01); GO6T 2207/30241 (2013.01); GO6T
) 2207/30201 (2013.01); GO6T 2207/10016
(21)  Appl. No.: 15/656,428 (2013.01); GO6K 2209/27 (2013.01)
Related U.S. Application Data A mobile object tracking system has one or more imaging
(60) Provisional application No. 62/365,825, filed on Jul. d§V1ces for capturing Images ofasite, ole of more reference
292016 wireless devices in wireless communication with one or
’ ’ more mobile wireless devices (MWDs) via one or more
o . . wireless signals, and one or more received signal strength
Publication Classification models (RSSMs) of the site for the wireless signals. Each
(51) Int. CL MWD is associated with a mobile object and movable
GO6T 7/277 (2006.01) therewith. The system tracks the mobile objects by combin-
GO6K 9/00 (2006.01) ing the captured images, the received signal strength (RSS)
GO1S 5/02 (2006.01) observables of the wireless signals, and the RSSMs. The
GO6T 7/73 (2006.01) system may calibrate the RSSMs at an initial stage and
GO6K 9/62 (2006.01) during mobile object tracking.

412—3| Image sequences

414~ Blobs detection

MWD signals /
detection

RSS based MWD
trajectory estimation

l {420

416 MA trajectory
-\'_ estimation
S
422~

Trajectory matching and correlation

:

424~ RSSM parameters generation




Patent Application Publication  Jan. 25, 2018 Sheet 1 of 14 US 2018/0025500 A1

=
4(\;9 ﬂ.—-106 120

FIG. 1 114

106

102
y4 AP
LA A

A 7

106 7 112 Z

AP

108

N R A A AN

7
7,
7
7

7
7
7, g
7

‘ A g 7, S S e S Ly o S p
i i i b A i

FIG. 2

NN
N
.

'3



Patent Application Publication  Jan. 25, 2018 Sheet 2 of 14 US 2018/0025500 A1

% 4
7
Z
/ 142
7 Z
. il ] /
142 \% ‘ .
Z 7
7
y/; APy
146 ?/
U FIG. 3
160
\a MLS Management — 174
J'y
4
Mabile object tracking — 172
A [ 4
CVO Orthographic MWO Orthographic
168 ™ View View — 170
A A
CcVv . .| MWD
. -— BM —> .
Processing Processing

v

e
FIG. 4 164 162 166



Patent Application Publication  Jan. 25, 2018 Sheet 3 of 14 US 2018/0025500 A1

182 184 186

FIG. 5A FIG. 5B

FIG. 5C



US 2018/0025500 A1

Jan. 25,2018 Sheet 4 of 14

Patent Application Publication

9 "OId

I

i

N
NN
NN
SN

-

NN /Nﬁ
NN /
AURIRENN RN

/mf



US 2018/0025500 A1

Jan. 25,2018 Sheet 5 of 14

Patent Application Publication

oL

old

g "Old

\ /4

old

4] je g-wen

8] 1ey-wen

V] ley-wep



Patent Application Publication  Jan. 25, 2018 Sheet 6 of 14 US 2018/0025500 A1

104C

162
\
282
L2040
206C1
W
LN, .-_/%—-20602
NNV A—214
206D1 ﬁ'\\ %
] % %zzosm
...... X

104D
204D

FIG. 8



Patent Application Publication  Jan. 25, 2018 Sheet 7 of 14 US 2018/0025500 A1

204D 214 204G
12 ,/ ,/ ,/
E
s .
::‘3 1.0 4 *W
>
a
- 0.8 *
o
b2 *
S
i 064 .
=
=
= o
ng_ 0.4 * *
*
T T .
P : \;7‘%{ %
? ] N '
wi
0 30 60 % 120 15 180 210 240 270 FIG. 9
Epoch
340
Y 162 104 106 106
pd e e
BM ImD AP oss AP
I |
Y
MWD measures RSS of AP | 344
signals
Y Y
342—_| CV Processing tracks the MWD sends RSS measurements| 346
MA to server via host AP
I |
Y
MLS Processing and RSSM Generation 348

FIG. 10



Patent Application Publication  Jan. 25, 2018 Sheet 8 of 14 US 2018/0025500 A1

OO o ﬁ

412 ~i| Image sequences

l P P 418

. MWD signals /
414 !
—~iJ Blobs detection i detection
i l i l 420
416—.| MAtrajectory i [ RSSbased MWD /
estimation i | trajectory estimation | i
U i
422 | : . .
H Trajectory maiching and correlation
FIG. 11 424 —_ RSSM parameters generation

\ %

Yy FIG. 12



Patent Application Publication

(&)
(e
()

Jan. 25,2018 Sheet 9 of 14

508

US 2018/0025500 A1

506

......

FIG. 13

| ——
O —— T ——
.
.~
e
. ‘f7\
.---.-
NS ST LS S SIS LTSS S TS S I ES S SIS TKS T ST S SIS S
V0 IS I IAI AN //\"54/ s /)é/?’ A
A s
i
7 A\ -
7 4
“ o
o %
7 532 7
538 |
7 \ P et BV ~
g T
7 PPPTELide-t o 7 o
7 i ot el | / g
7 L prLd — T
g e - L i
e e o H 1 v
Y % - 1 2
// ," 1 PPioe " 1 L 542 //
104 A il :
7 et H 7
Ptlde 1 1 H 5
s:-.._. H : T A
s , "2 _/ 1 7
Z . H ot H ] 5
7 M 1 S ' H ”
7 vl -~ [ 1 v
7 LY ) T I ¥ /
- - S — 1 [~
- -l . il
“ -, W 1 /
i’ wal, v, [ 7
7 I LT %
7 o
p [~
2 536 7
Y 7
b 7
/ 7
7 .
e i’
//
7 . A
(7 /é/i'//é A /é/i'//é///// A A A i e

FIG. 14

>
X



Patent Application Publication  Jan. 25, 2018 Sheet 10 of 14  US 2018/0025500 A1

v A 530 534
\
532
538
0 | T | |l
\_\__ .- Y i g A
Rl 542A ! ;
104 P : i 0428
P Wetat At
S i
By O s : ;
--------- Al |
- —542C

<Y

FIG. 15



Patent Application Publication  Jan. 25, 2018 Sheet 11 of 14  US 2018/0025500 A1

cn
(=)
()

 Camera

 Camera FOV
| WiFL AccessPoint 7] |
 Trajectory

ey 3

e 104, 106
aERmsuRun,

wy ¥

602

104, 106,
106A

FIG. 16



Patent Application Publication  Jan. 25, 2018 Sheet 12 of 14  US 2018/0025500 A1

RN R R

A

R

RIS

SN

ok

622

" GO

e

-
:

S K
AR,

b
S I

s

3

RN
3. ] 3
S X
S R s - 3% A
g 2
[ S
624 3
RO Tt S
X 3
X '\\\\\x\\\:»
3
X 3
3
3 3
RN By
B
¥

106A

RN

e,

‘o

S

|

¥
3
3
k3 X




Patent Application Publication  Jan. 25, 2018 Sheet 13 of 14  US 2018/0025500 A1

B N

AN

632

o W
g3
g

634

SN % R 3 R

636

638 ~

3

NSRS

106A

SR

SRS

X
By
f X




Patent Application Publication

Jan. 25,2018 Sheet 14 of 14  US 2018/0025500 A1

100
\

106

| Security Camera |

| WiFi Access Point |

7 Ne—
‘@ . 110A <§—
110A
108

104 110A
u."‘ . f’ﬂ\\
RO .
110B H
106 § : 102

\ i : 08 -
Q '..'-. ..'. »

7 ...'0. H -'0. -'." - o®

ﬂl Processing Server
|

I T

120

FIG. 19



US 2018/0025500 A1

METHOD OF TRACKING ONE OR MORE
MOBILE OBJECTS IN A SITE AND A
SYSTEM EMPLOYING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/365,825, filed Jul. 22,
2016, the content of which is incorporated herein by refer-
ence in its entirety.

[0002] This application is also related to U.S. patent
application Ser. No. 14/997,977, filed Jan. 18, 2016, the
content of which is incorporated herein by reference in its
entirety.

FIELD OF THE DISCLOSURE

[0003] Embodiments herein relate generally to a system
and a method of indoor location estimation based on
receiver signal strength (RSS) observables, and in particular
to a system and a method of automated generation and
maintenance of wireless RSS radio maps using crowd-
sourcing.

BACKGROUND

[0004] Location-based services (LLBS) have been used in
indoor (such as a building or the like) or outdoor (such as a
campus or the like) environments. LBS provide services for
detecting, tracking and identifying movable objects as they
move in a site such as a building complex. With more and
more imaging devices such as security cameras deployed in
such buildings, imaging devices with computer vision (CV)
processing can be used to track movable objects. Known CV
algorithms can provide some degree of identification of the
movable object by using methods such as object classifica-
tion, human recognition, and height and facial attributes
recognition. However, identification based on CV process-
ing alone may not be sufficiently reliable. Therefore, in some
systems, such as in a system disclosed in Applicant’s U.S.
patent application Ser. No. 14/997,977, at least some mov-
able objects carry Mobile Wireless Devices (MWDs) for
facilitating object tracking. Such systems combine CV
observations and MWD observations for positive identifi-
cation. The MWD typically has a set of sensors such as
received signal strength (RSS) scanners of available wireless
signals, accelerometers, rate gyros, and barometers. Sensor
signals measured by the MWD can be bundled into a data
packet and sent wirelessly to the network.

[0005] RSS observables and/or wireless signal measure-
ments may be used for determining the location of a wireless
device in indoor and outdoor navigation. With general
wireless data communication becoming widely available in
public and commercial buildings, RSS observables are
becoming more and more important in LBS.

[0006] A problem is that a navigation system using RSS
requires tedious calibration in the form of RSS surveys of
the building complex to build a parameterized RSS model or
a radio map of coefficients for a non-parameterized model.
The radio map approach is generally referred to as finger-
printing.

SUMMARY

[0007] According to one aspect of this disclosure, there is
provided a method for tracking one or more mobile objects
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in a site such as a building complex or a campus area by
using one or more imaging devices and one or more mobile
wireless devices, each of the one or more mobile wireless
devices being associated and movable with a mobile object
and in wireless communication with one or more reference
wireless devices such as wireless access points (APs) via
one or more wireless signals. One or more receiver signal
strength models (RSSMs) of the one or more wireless
signals are also used for tracking the mobile objects.
[0008] A RSSM is a model approximating the RSS of a
wireless signal that a receiver in the site would observe. In
various embodiments, the RSSMs may be parametric
RSSMs, nonparametric RSSMs, or a combination thereof. A
nonparametric RSSM may comprise one or more radio
maps. The parameters required for the parametric RSSMs
and data of the radio maps may be determined by RSSM
calibration. In some embodiments, RSSM calibration com-
prises two phases or modes including an initial survey or
calibration mode and a crowd-sourcing maintenance survey
or calibration mode.

[0009] In the initial calibration mode, a mobile object and
a mobile wireless device that are known to be associated
through the initial calibration may be used.

[0010] The maintenance calibration mode may be con-
ducted in parallel with mobile object tracking. When a
mobile object is paired or associated with a mobile wireless
device, a crowd-sourced maintenance calibration event may
be triggered.

[0011] In some embodiments, a set of diagnostic tools may
be implemented using the RSSMs for verifying the suffi-
ciency of the RSS observables with respect to some location
accuracy criteria.

[0012] In some embodiments, the method uses a radio-
map weight matrix to determine the quality of current
RSSM. In some embodiments, the method also uses the
aging of RSSM in determining the quality of current RSSM.
[0013] According to one aspect of this disclosure, there is
provided a system for tracking at least one mobile object in
a site. The system comprises: (i) one or more imaging
devices each capturing images of at least a portion of the
site; (i) one or more reference wireless devices; (iii) one or
more mobile wireless devices (MWDs) in wireless commu-
nication with the one or more reference wireless devices via
one or more wireless signals, each of the one or more MWDs
being associated with one of the at least one mobile object
and movable therewith; and (iv) at least one processing
structure functionally coupled to the one or more imaging
devices, the one or more reference wireless devices, and the
one or more MWD:s.

[0014] The at least one processing structure acts for:
maintaining one or more received signal strength models
(RSSMs) of the site for the one or more wireless signals;
obtaining received signal strength (RSS) observables of the
one or more wireless signals; and tracking the at least one
mobile object by combining the captured images, the
obtained RSS observables, and the one or more RSSMs.
[0015] In some embodiments of the system, each of the
one or more RSSMs is any one or a combination of a
parametric RSSM and a nonparametric RSSM, and each
nonparametric RSSM comprises a radio map of the site for
one of the one or more wireless signals.

[0016] In some embodiments of the system, said tracking
the at least one mobile object comprises: detecting the at
least one mobile object based on the captured images;
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determining a trajectory for each of the detected at least one
mobile object based on the captured images; determining a
trajectory for each of the one or more MWDs based on the
obtained RSSM observables and the one or more RSSMs;
and associating each of the one or more MWDs with one of
the detected at least one mobile object if a probability of
association (PoA) between the trajectory of the MWD and
the trajectory of the mobile object is greater than a threshold.

[0017] In some embodiments of the system, the PoA
between the trajectory of the MWD and the trajectory of the
mobile object is calculated by evaluating the similarity
therebetween.

[0018] In some embodiments of the system, the PoA
between the trajectory of the MWD and the trajectory of the
mobile object is calculated by using the Kullback Leibler
Distance between the two trajectories.

[0019] In some embodiments of the system, said deter-
mining the trajectory for each of the detected at least one
mobile object based on the captured images comprises:
determining the trajectory for each of the detected at least
one mobile object using a Bayesian model based on the
captured images.

[0020] In some embodiments, the system comprises a
plurality of imaging devices, wherein at least a first and a
second ones of the plurality of imaging devices are respec-
tively associated with two main field of view (FOV) areas,
and the two main FOV areas are non-overlapped with an
estimation area therebetween. Said determining the trajec-
tory for each of the detected at least one mobile object based
on the captured images comprises, for each of the detected
at least one mobile object: calculating the position of the
mobile object by projecting the mobile object from a plane
of the captured images into a coordinate system of the site;
if the calculated position of the mobile object is within the
estimation area, recalculating the position of the mobile
object by using a spatial interpolation method; and deter-
mining the trajectory for the mobile object.

[0021] In some embodiments of the system, the at least
one processing structure further acts for: updating the one or
more RSSMs using the location of the mobile object and the
RSS observables of the MWD, after associating one of the
one or more MWDs with one of the at least one mobile
object.

[0022] In some embodiments of the system, the at least
one processing structure further acts for: identifying, from
the at least one mobile object and the one or more MWDs,
at least one pair of associated mobile object and MWD
movable in the site, said association between each of the at
least one pair of associated mobile object and MWD being
maintained through a calibration period; and building the
one or more RSSMs based on the locations of the identified
mobile objects and the RSS observables of the identified
MWDs.

[0023] In some embodiments of the system, said identi-
fying at least one pair of associated mobile object and MWD
comprises: allowing only one of the at least one mobile
object movable in the site, one of the one or more MWDs
being associated with said only one mobile object and
movable therewith.

[0024] In some embodiments of the system, the at least
one processing structure further acts for: moving said iden-
tified at least one pair of associated mobile object and MWD
in the site along a survey path.
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[0025] In some embodiments of the system, the site is
partitioned into a two-dimensional (2D) matrix of grid
points, and the at least one processing structure further acts
for: calculating a set of location weights using a Gaussian
kernel and the location of the mobile object; calculating a
radio-map weight matrix using the calculated set of location
weights, each radio-map weight being associated with a
location of the site; and calculating a radio-map value matrix
using the obtained RSSM observables obtained at the loca-
tion of the mobile object.

[0026] In some embodiments of the system, said calculat-
ing the set of location weights comprises calculating the set
of location weights using the Gaussian kernel, the location
of the mobile object, and a RSS quality factor.

[0027] In some embodiments of the system, the RSS
quality factor has a value greater than one at the locations
within the FOV of one of the imaging device and in
proximity therewith.

[0028] In some embodiments of the system, the RSS
quality factor has a value smaller than one at the locations
at a distance from one of the imaging device.

[0029] In some embodiments of the system, the RSS
quality factor is a function of the grid points.

[0030] Insome embodiments of the system, said updating
the one or more RSSMs using the location of the mobile
object and the RSS observables of the MWD comprises:
updating the one or more RSSMs using the location of the
mobile object and the RSS observables of the MWD if the
radio-map weight associated with the location of the mobile
object is greater than a weight-acceptance threshold.
[0031] In some embodiments of the system, the at least
one processing structure further acts for: calculating the
Fisher Information between one of the one or more MWDs
and the one or more reference wireless devices for deter-
mining estimated deviation of location estimate of the MWD
based on the obtained RSS observables.

[0032] In some embodiments of the system, said calculat-
ing the Fisher Information is further based on the obtained
the observables of an inertial measurement unit of the
MWD.

[0033] In some embodiments of the system, the at least
one processing structure further acts for: using the calculated
Fisher Information for determining deviation of sufficiency
of the one or more wireless signals used for obtaining RSS
observables thereof.

[0034] In some embodiments of the system, the at least
one processing structure further acts for: using the calculated
Fisher Information for determining contribution of each of
the one or more wireless signals in the obtained RSS
observables.

[0035] According to one aspect of this disclosure, there is
provided a method of tracking at least one mobile object in
a site. The method comprises: maintaining one or more
received signal strength models (RSSMs) of the site for one
or more wireless signals transmitted between one or more
mobile wireless devices (MWDs) and one or more reference
wireless devices, each of the one or more MWDs being
associated with one of the at least one mobile object and
movable therewith; obtaining received signal strength (RSS)
observables of the one or more wireless signals; capturing
images of at least a portion of the site; and tracking the at
least one mobile object by combining the captured images,
the obtained RSS observables, and the one or more RSSMs.
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[0036] In some embodiments of the method, each of the
one or more RSSMs is any one or a combination of a
parametric RSSM and a nonparametric RSSM, and each
nonparametric RSSM comprises a radio map of the site for
one of the one or more wireless signals.

[0037] Insome embodiments of the method, said tracking
the at least one mobile object comprises: detecting the at
least one mobile object based on the captured images;
determining a trajectory for each of the detected at least one
mobile object based on the captured images; determining a
trajectory for each of the one or more MWDs based on the
obtained RSSM observables and the one or more RSSMs;
and associating each of the one or more MWDs with one of
the detected at least one mobile object if a probability of
association (PoA) between the trajectory of the MWD and
the trajectory of the mobile object is greater than a threshold.
[0038] In some embodiments of the method, said deter-
mining the trajectory for each of the detected at least one
mobile object based on the captured images comprises:
determining the trajectory for each of the detected at least
one mobile object using a Bayesian model based on the
captured images.

[0039] In some embodiments of the method, said deter-
mining the trajectory for each of the detected at least one
mobile object based on the captured images comprises, for
each of the detected at least one mobile object: calculating
the position of the mobile object by projecting the mobile
object from a plane of the captured images into a coordinate
system of the site; determining if the calculated position of
the mobile object is within an estimation area between two
non-overlapped main FOV areas; if the calculated position
of the mobile object is within the estimation area, recalcu-
lating the position of the mobile object by using a spatial
interpolation method; and determining the trajectory for the
mobile object.

[0040] In some embodiments, the method further com-
prises: updating the one or more RSSMs using the location
of the mobile object and the RSS observables of the MWD,
after associating one of the one or more MWDs with one of
the at least one mobile object.

[0041] In some embodiments, the method further com-
prises: identifying, from the at least one mobile object and
the one or more MWDs, at least one pair of associated
mobile object and MWD movable in the site, said associa-
tion between each of the at least one pair of associated
mobile object and MWD being maintained through a cali-
bration period; and building the one or more RSSMs based
on the locations of the identified mobile objects and the RSS
observables of the identified MWDs.

[0042] In some embodiments of the method, said identi-
fying at least one pair of associated mobile object and MWD
comprises: allowing only one of the at least one mobile
object movable in the site, one of the one or more MWDs
being associated with said only one mobile object and
movable therewith.

[0043] In some embodiments, the method further com-
prises: moving said identified at least one pair of associated
mobile object and MWD in the site along a survey path.
[0044] In some embodiments of the method, the site is
partitioned into a two-dimensional (2D) matrix of grid
points, and the method further comprises: calculating a set
of location weights using a Gaussian kernel and the location
of the mobile object; calculating a radio-map weight matrix
using the calculated set of location weights; and calculating
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a radio-map value matrix using the obtained RSSM observ-
ables obtained at the location of the mobile object.

[0045] Insome embodiments of the method, said updating
the one or more RSSMs using the location of the mobile
object and the RSS observables of the MWD comprises:
updating the one or more RSSMs using the location of the
mobile object and the RSS observables of the MWD if the
radio-map weight associated with the location of the mobile
object is greater than a weight-acceptance threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG. 1 is a schematic diagram of a Mobile Location
System (MLS) for tracking one or more moving objects and
one or more mobile wireless devices each associated and
movable with a moving object, according to some embodi-
ments of this disclosure;

[0047] FIG. 2 is a schematic plan view of a site of the MLL.S
system shown in FIG. 1;

[0048] FIG. 3 is a schematic plan view of a floor space of
a site that is partitioned into a matrix of two-dimensional
(2D) grid points with a constant grid spacing;

[0049] FIG. 4 is a schematic diagram showing a software
structure of the MLS system shown in FIG. 1;

[0050] FIGS. 5A to 5C show an example of computer
vision (CV) processing conducted in the CV processing
block shown in FIG. 4;

[0051] FIG. 6 shows an example of a building map of a
site;
[0052] FIG. 7A shows three source images captured by the

two imaging devices shown in FIG. 6;

[0053] FIG. 7B shows the foreground mask images
obtained from source images shown in FIG. 7A;

[0054] FIG. 7C shows the images shown in FIG. 7A with
bounding boxes added about the CV objects detected
therein;

[0055] FIG. 8 shows an example of tracking a moving
object walking along a path in the site shown in FIG. 6;
[0056] FIG. 9 shows the error variance distribution of the
estimated points obtained in the moving object tracking
shown in FIG. 8;

[0057] FIG. 10 is a flowchart showing the steps of a
process of an initial calibration mode;

[0058] FIG. 11 is a flowchart showing the steps of a
maintenance calibration process of the MLS system shown
in FIG. 1;

[0059] FIG. 12 shows an example of a portion of a 2D grid
system for a floor space;

[0060] FIG. 13 shows a portion of a survey path in a floor
space for an initial RSSM calibration and corresponding
weight-acceptance threshold lines;

[0061] FIG. 14 shows an example of a room having a
single imaging device, wherein the field of view of the
imaging device is partitioned into a proximal area and a
distal area;

[0062] FIG. 15 shows an example of using trained MWD
data for improving the accuracy of moving object trajectory
estimate;

[0063] FIG. 16 is a plane view of a test floor space for
testing the MLS system shown in FIG. 1;

[0064] FIG. 17 is a contour plot showing the contour of the
radio-map weights W, ; of a Bluetooth® beacon in the test
floor space shown in FIG. 16;
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[0065] FIG. 18 is a contour plot of a radio map of a
Bluetooth® beacon in the test floor space shown in FIG. 16;
and

[0066] FIG. 19 is a schematic diagram of a MLS for
tracking one or more moving objects and one or more
mobile wireless devices each associated and movable with a
moving object, according to some alternative embodiments
of this disclosure.

DETAILED DESCRIPTION

Glossary

[0067] Below is a table listing some acronyms used in this
disclosure:

ACRONYM DESCRIPTION

AP Access Point

BM Building Map

cv Computer Vision

[@4%¢) CV Object

FI Fisher Information

FOV Field Of View

ImD Imaging Device

MU Inertial Measurement Unit (comprising accelerometers and
rate gyros)

MA Mobile Agent

MLS Mobile Location System

MWD Mobile Wireless Device (such as smartphone, tablet, tag
device, and the like, associated with a mobile object)

MWO Mobile Wireless Object

PoA Probability of Association (between a MA and a MWD)

RF Radio Frequency

RSS Receiver Signal Strength

RSSM RSS Model, generalization of the parameterized or non-

parameterized model for the RSS.
SC Security Camera

[0068] System Structure

[0069] Embodiments herein disclose a Mobile Location
System (MLS) for determining the locations of one or more
movable objects within a site.

[0070] The system comprises one or more imaging
devices (ImDs) such as security cameras (SCs) deployed in
a site for capturing movable objects therein. The movable
objects are also denoted as mobile agents (MAs) hereinafter.
[0071] The system also comprises one or more mobile
wireless devices (MWDs). Each MWD is associated with a
MA and movable therewith. Therefore in various embodi-
ments, some MAs may each carry one MWD, some other
MAs may each carry more than one MWD, and yet some
other MAs may not carry any MWD.

[0072] The system comprises one or more reference wire-
less devices such as wireless access points (APs) deployed
in the site. The APs are in wireless communication with the
MWDs via one or more wireless signals. A server is func-
tionally coupled to the ImDs, MWDs, and APs for calcu-
lating an estimate of the locations of the MAs and MWDs,
and associating each MWD with a MA using available data
and observations from the APs, MWDs, and ImDs. In
various embodiments, the server may be one or more
computing devices, and/or a distributed computing structure
such as a cloud. As will be described in more detail later, the
server may comprise a navigation engine or a location
engine for calculating the location of the MAs.

[0073] A set of receiver signal strength (RSS) observables
of'the one or more wireless signals are measured either at the
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MA (by the MWD or a suitable device associated therewith)
or at AP (measured by the AP or a suitable device associated
therewith), and are sent to the server for facilitating the
location determination of the MA.

[0074] The server calculates the locations of the MAs and
MWDs, and computes estimates of the trajectories of the
MAs and MWDs. The server also computes a probability of
association (PoA) between the MWD and MA (that is, the
likelihood of a MWD being associated with or attached to a
MA). A PoA has a value between 0 (the MA and MWD are
surely unassociated) and 1 (the MA and MWD are surely
associated).

[0075] Turning now the FIG. 1, a Mobile Location System
(MLS) system is shown, and is generally denoted using the
reference numeral 100. The MLS system 100 tracks one or
more MAs 110 movable in a site 102.

[0076] The MLS system 100 comprises M (M=1, 2, ...)
ImDs 104 and N (N=1, 2, . . . ) reference wireless commu-
nication devices 106 deployed in a site 102 such as a
building complex. The reference wireless communication
devices 106 may be any suitable wireless communication
devices such as APs, licensed band radio stations such as
cellular base stations, and/or the like. The ImDs 104 and APs
106 are functionally coupled to a server 120 via suitable
wired and/or wireless communication structures 114 such as
Ethernet, serial cable, parallel cable, USB cable, HDMI®
cable (HDMI is a registered trademark of HDMI Licensing
LLC, San, Jose, Calif., USA), Wi-Fi® (Wi-Fi is a registered
trademark of Wi-Fi Alliance, Austin, Tex., USA), Blu-
etooth® (Bluetooth is a registered trademark of Bluetooth
Sig. Inc., Kirkland, Wash., USA), ZigBee® (ZigBee is a
registered trademark of ZigBee Alliance Corp., San Ramon,
Calif., USA), 3G or 4G wireless telecommunications, and/or
the like. In these embodiments, the server 120 may comprise
one or more computing devices, and/or a distributed com-
puting structure such as a cloud.

[0077] In these embodiments, an ImD is a camera or
scanner attached to a stationary structure at a fixed location
and capable of imaging persons or other mobile objects.
Such an ImD may be any suitable camera or scanner such as
a generic camera, a security camera, a scanner, or the like.
For example, in various embodiments, an ImD may be a
wall-mounted camera or scanner within a building complex,
or a camera or scanner mounted on a streetlamp, an exterior
building wall, or any other suitable structure in an outdoor
environment.

[0078] The MLS system 100 also comprises one or more
MWDs 108, each associated with a MA 110 and movable
therewith. Therefore, the location of a MWD 108 is gener-
ally the same as that of the MA 110 associated therewith.
The MLS system 100 uses the ImDs 104 and APs 106 to
track the MAs 110 and MWDs 108, and establish associa-
tions therebetween.

[0079] In these embodiments, a MA is generally a mov-
able object such as a person, a robot, a cart, a wheelchair, a
drone, or the like, which can move through a sufficiently
large space such that the MA can be imaged, detected, and
tracked by the ImDs 104.

[0080] A MWD 108 is generally a wireless device suitable
for attaching to a MA 110. In various embodiments, a MWD
108 may be self-contained and powered by a battery or other
suitable energy source, and may be physically small such
that it cannot be reliably observed by an ImD. A MWD 108
may comprise a wireless signal scanner for detecting a
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wireless signal and measuring the RSS thereof, and/or a
variety of position-sensing sensors such as an accelerometer,
a rate gyro, a barometer, a magnetometer, one or more
cameras, and/or the like, that may be used for determining
the position of the MWD 108. Examples of a MWD 108
include a wireless beacon device, a two way Wi-Fi® data
radio, a smartphone, a tablet, a laptop computer, a personal
data assistant (PDA), or the like,

[0081] Each MWD 108 is in wireless communication with
one or more APs 106 via one or more wireless signals 112.
In various embodiments, the wireless signal 112 may be any
wirelessly transmitted signal suitable for Receiver Signal
Strength (RSS) measurement. Such a wireless signal 112
may be in accordance with any suitable wireless communi-
cation standard such as Wi-Fi®, Bluetooth®, ZigBee®, 3G
or 4G wireless telecommunications or the like, and/or may
be in any suitable form such as a generic wireless commu-
nication signal, a beacon or a broadcast signal. Moreover,
such a wireless signal 112 may be in either a licensed or
unlicensed band, and may be either a digital-modulated or an
analog-modulated signal. In some embodiments, the wire-
less signal 112 may be an unmodulated carrier signals.
[0082] More specifically, the wireless signal 112 is a signal
emanating from a wireless transmitter with an approxi-
mately constant time-averaged transmitting power known to
a wireless receiver that measures the RSS thereof.

[0083] Furthermore, while a wireless signal is typically
transmitted from a MWD or an AP within a site such as a
building, it may also be a wireless signal transmitted from
outside the site such as a cellular signal or a broadcast radio
signal or a satellite signal.

[0084] In various embodiments, the RSS measurements or
RSS observables may be obtained by a MWD 108 or by an
AP 106. For example, in some embodiments, each MWD
108 may transmit a wireless signal to one or more APs 106.
Each AP 106 receiving the transmitted wireless signal mea-
sures the RSS thereof, and sends the RSS observables to the
server 120 for processing. In some other embodiments, each
MWD 108 may receive wireless signals from one or more
APs 106. The MWD 108 receiving the wireless signals
measures the RSS thereof, and sends the RSS observables to
the server 120 for processing. In yet some other embodi-
ments, some MWDs 108 may transmit wireless signals to
one or more APs 106, and some APs 106 may transmit
wireless signals to one or more MWDs 108. In these
embodiments, the receiving devices, being the APs 106 and
MWDs 108 receiving the wireless signals, measure the RSS
thereof, and send the RSS observables to the server 120 for
processing.

[0085] In some embodiments, the MWDs 108 also send
data collected by the position-sensing sensors to the sever
120.

[0086] In various embodiments, a MWD 108 may send
RSS observables and/or position-sensing sensor observables
to the server 120 in any suitable ways. For example, in some
embodiments, a MWD 108 may send position-sensing sen-
sor data directly to the server 120. In some alternative
embodiments, a MWD 108 may send position-sensing sen-
sor data to one or more receiving devices such as one or
more APs 106 and/or other suitable receiving devices, and
the one or more receiving devices forward the received data
to the server 120.

[0087] The MLS system 100 shown in FIG. 1 uses ImDs
104 and Computer Vision (CV) processing to track MAs
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110, and uses MWD observables such as RSS observables
and/or position-sensing sensor observables, to track the
MWDs 108. The MLS system 100 then establishes the
associations between the MAs 110 and MWDs 108.
[0088] Each ImD 104 captures a sequence of images. The
captured images may be in any suitable format such as the
uncompressed raw format or any suitable compressed for-
mat such as jpeg, gif, tiff, and the like.

[0089] The captured images are processed using a suitable
CV process, and the processed images or image sequences
are then stored in the server 120. Those skilled in the art will
appreciate that, in various embodiments, the CV processing
may be conducted in the ImDs 104, in the server 120, or in
both the ImDs 104 and the server 120. For example, the
captured image sequences may be processed in the ImDs
104 and the processed image sequences are then sent to the
server 120. In another example, the captured image
sequences are sent from the ImDs 104 to the server 120, and
the server 120 processes the received image sequences using
a CV process. In yet another example, the captured image
sequences may be partially-processed or pre-processed in
the ImDs 104 by a preliminary CV process, and the pre-
processed image sequences are sent to the server 120 for
further CV processing. In still another embodiment, the
server 120 is located remote to the site 102. The image
sequences captured by the ImDs 104 are sent to a local
computing device (not shown) in or near the site 102 for CV
processing and then, the processed image sequences are sent
to the server 120.

[0090] The server 120 detects one or more MAs 110 from
the processed image sequences. In some embodiments, the
MAs 110 are detected as binary large objects (blobs) in the
images. The positions of the detected MAs 110 are mapped
from the image plane (such as the x-y coordinates of the
detected MAs 110 in an x-y coordinate system of the
images) to the physical site using a suitable projective
transformation. In some embodiments, the mapped position
of'a MA 110 in the physical site may be a two-dimensional
(2D) position (such as its x-y coordinates). In some embodi-
ments, the mapped position of a MA 110 in the physical site
may be a three-dimensional (3D) position (such as its x-y-z
coordinates). Thus, MAs 110 are detected from the image
sequences, and are tracked by the CV processing. However,
the CV processing may not be able to provide identification
for the detected MAs.

[0091] The position-sensing sensor observables obtained
from the position-sensing sensors of the MWD 108, and/or
the RSS observables of the wireless signal 112 are sent to the
server 120. The locations of MWDs 108 are detected and
tracked based on RSS observables and/or position-sensing
sensor observables.

[0092] For example, in some embodiments, all MWDs
108 transmit wireless signals 112 at a same transmitting
power level. Then, an AP 106 receiving a wireless signal 112
transmitted from a MWD 108, can measure the RSS of the
received wireless signal 112 and use a propagation model to
estimate the distance between the AP 106 and the MWD
108. In some alternative embodiments, the MWDs 108
transmit wireless signals 112 at different transmitting power
levels which may be predefined and known to the APs 106,
or the values thereof may be otherwise embedded in the
transmitted wireless signals such that the APs 106 receiving
the wireless signals 112 can retrieve the transmitting power
levels. When an AP 106 receives a wireless signal transmit-
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ted from a MWD 108, the AP 106 can use the transmit power
level of the wireless signal, the RSS thereof, and the
propagation model to estimate the distance between the AP
106 and the MWD 108.

[0093] The server 120 then calculates and tracks the
correlation of the MAs 110 and MWDs 108 to determine if
a MA 110 and a MWD 108 are substantively at the same
location, which may imply that the MA 110 and the MWD
108 may be associated and movable together. A probability
of'association (PoA) between the MA 110 and the MWD 108
is calculated. The association of the MA 110 and the MWD
108 is established when the MA 110 is positively identified
and the PoA of the MA 110 and the MWD 108 is sufficiently
large such as larger than a predefined probability threshold.
In some embodiments, the predefined probability threshold
is a value close to one (1).

[0094] In some embodiments, MAs 110 and MWDs 108
are tracked to obtain their respective trajectories (i.e., the
paths that the MAs 110 and the MWDs 108 have been
moved therethrough) for establishing the associations ther-
ebetween and the corresponding PoAs.

[0095] One or more receiver signal strength models
(RSSMs) of the one or more wireless signals may be used
for tracking the mobile objects. In some embodiments, the
RSSMs are generated via an initial calibration process, and
are updated via a maintenance calibration process when a
crowd-sourcing opportunity event occurs during mobile
object tracking.

[0096] Herein, a crowd-sourcing opportunity event refers
to an event that may be used for generating and/or updating
aRSSM, or an event that may be used for locating a MA 110.
For example, a crowd-sourcing opportunity event may be an
event wherein a MA 110 and a MWD 108 are associated
with each other, i.e., the PoA thereof is sufficiently large.
Data obtained in a crowd-sourcing opportunity event, such
as the location of the MA 110, the RSS measurement or
observables, position-sensing sensor observables, and the
like, may be denoted as crowd-sourced data.

[0097] RSS Model

[0098] In some embodiments, the MLS system 100 uses
one or more RSS models (RSSMs) of the site 102 for
facilitating mobile object tracking. Each RSSM corresponds
to a wireless signal 112, and approximates the RSS of the
corresponding wireless signal 112 that a receiver in the site
would observe. The MLS system 100 builds and calibrates
the RSSMs during one or more surveying or calibration
stages or modes (described later).

[0099] In tracking a MWD 108, the server 120 compares
the RSS observables of the MWD 108 with the RSSM of the
site 102 to estimate the location of the MWD 108.

[0100] In various embodiments, the system 100 may use
any one or a combination of two types of RSSMs including
a parametric RSSM and a non-parametric RSSM. When
using the non-parametric model, a radio map may be gen-
erated comprising a plurality of RSS reference values at
different locations of the site 102.

[0101] In the following, location estimation using the
parametric model is first described. Then, location estima-
tion based on the non-parametric model is described.
[0102] Parametric RSSM

[0103] FIG. 2 shows an example of a site 102. In this
example, the site 102 is a building with a rectangular floor
space and comprises N APs 106 and M ImDs (not shown)
positioned at various locations thereof.
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[0104] A MWD 108 at a location (X,,y,,) transmits a
beacon signal 112 which is received by the APs 106. Each
AP 106 measures the RSS level of the received beacon
signal 112, and records the measured RSS level of the
received beacon signal 112. The N measured RSS levels
form a vector of RSS observables:

r=[riry. .. PN, (€8]

where r,, (n=1, . . ., N) is the measured RSS level of the
beacon signal 112 obtained by the n-th AP 108. The server
120 then uses r to estimate the location of the MWD 108.
[0105] In this example, the RSSM is represented by a
parametric RSSM. Let the n-th AP 106 (denoted as AP,) be
located at (x,,, ,,, ¥.,,.)» where n=1, . .., N. Then, the range
R,, between the MWD 108 and the A, 106 is:

R=V Ko + Gapn—Ven) 2

[0106] A parametric model rp, for the RSS of the n-th AP
106 and the MWD 108 is given as:

rP,n:Cl,n+C2,ng(Rn)> (3)

where {c, ,,, ¢,,,} are parameters pertaining to the wireless
link between the MWD 108 and the n-th AP 106, and are
typically determined by a suitable calibration process. g(*) is
an arbitrary function of the argument which is generally
nonlinear, and is known as part of the configuration of the
RSSM. As {c, . ¢, ,} have been determined by the calibra-
tion process, the estimated current location (X,,.9,,) of the
MWD 108 can be computed based on an algorithm function

F) as
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Here the “hat” or circumflex symbol (“"””) denotes estimate.
For example, X, is the estimate of the x,, coordinate of the
MWD 108. The function f(*) is a processing algorithm that
is typically referred to as the “location engine” or “naviga-
tion engine” in the literature.

[0107] The positions of APs 106 may be recorded in a
general building map (BM) or more generally, a site map.
The BM is a general container of all details of the static
components of the interior of the building such as floor plan,
wall locations, locations of ImDs 104 and APs 106.
[0108] In above parametric model, two coefficients may
be considered for each MWD-AP link (i.e., the wireless
signal 112), which may be extended to a model of arbitrary
complexity. Hence, we denote c,, as a vector of coefficients
of arbitrary length for the MWD to AP, link. Also, the
parametric RSSM of 15, is typically linear in terms of the
coeflicients in c,, as this facilitates calibration. However, the
method disclosed herein can work with either linear or
nonlinear functions of c,,.

[0109] Values of ¢, have to be determined before the
location engine can be used to estimate the MWD location.
Generally, ¢, is determined by measuring the RSS at a
number of known reference points or locations throughout
the site 102. With the set of RSS observables at the reference
points, a suitable curve-fitting process is used to numerically
determine the values of c,,. For example, any known curve-
fitting method based on least squares may be used herein.
[0110] Nonparametric RSSM

[0111] The nonparametric RSSM is based on establishing
a so-called radio map. In the literature, the use of radio maps
for location determination is typically referred to as “fin-
gerprinting” as the vector r is a “fingerprint” or pattern of
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values for comparing with the radio map data. In machine
learning area, the concept can be further generalized as
Support Vector Machines. In some embodiments, the system
may use a more sophisticated RSSM which is a combination
of a parametric RSSM and a non-parametric RSSM.

[0112] In the embodiment described below, a radio map is
generated for each AP 106, and therefore, for a system (see
FIG. 1) having N APs 106, N radio maps are generated.
However, those skilled in the art will appreciate that, in some
alternative embodiments where some or all APs 106 each
transmit a plurality of wireless signals for connecting to
MWDs 108, a radio map may be generated for each wireless
signal.

[0113] Referring to FIG. 3, to build a radio map, the floor
space of the site 102 is partitioned into a 2D grid system
having a matrix of 2D grid points 142 with a constant grid
spacing A. Of course, in some alternative embodiments, the
grid points 142 may have different spacings.

[0114] The coordinates of each grid point is (x,,, y,,)
where i is the grid index along the x direction and j is the grid
index along the y direction. Then, a radio map for a reference
device AP, denoted as RM,,, comprises the RSS values for
the grid points 142, each corresponding to the RSS level of
a reference wireless signal transmitted at a known reference-
transmitting-power level from a device at the grid point
(XY, and received by the AP,. Thus, RM,, is a matrix
having the same dimensions of the floor grids with elements
RM,,(i,j) each corresponding to a reference RSS value for
the grid point (%, ;,y; ;).

[0115] The established radio maps are used for tracking
the MWDs 108. Those skilled in the art will appreciate that,
in embodiments where the wireless signals between the
MWDs 108 and APs 106 are transmitted at transmitting
powers different from the reference-transmitting-power, the
RSS values are normalized to correspond to those of wire-
less signals transmitted at the reference-transmitting-power.

[0116] When tracking a MWD 108, the RSS values of the
wireless signals transmitted between the MWD 108 and one
or more APs 106 are determined and normalized if needed.
Then, the vector r is built as described above, and is
compared with the radio maps of the one or more APs 106
to calculate a maximum likelihood location for the MWD
108. Although each radio map only comprises a limited
number of grid points 142, the calculated maximum likeli-
hood location of a MWD 108 is not restricted to the grid
points 142, and may be any location in the site 102.

[0117]

[0118] FIG. 4 is a schematic diagram showing a software
structure 160 of the MLS system 100. As shown, the
software structure 160 comprises a BM container 162 which
is a container of information regarding the building details,
the floor-plan wall location, location of each ImD 104,
location of each AP 106, and the like. The BM container 162
also stores the obtained radio maps and calibration details
for the ImDs 104.

[0119] The BM container 162 provides necessary infor-
mation to all processing blocks 164 to 174 as they may need.
Therefore, the system 100 uses the information in the BM
container 162 for facilitating CV processing, CV object
(CVO) detection and tracking (described later), MWD data
processing, mobile wireless object (MWO) detection and
tracking (described later), and MA tracking.

Software Structure
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[0120] The software structure 160 comprises a CV pro-
cessing block 164 and a CVO orthographic view (CVOOV)
block 168.

[0121] The CV processing block 164 comprises all CV
processing functions for processing image sequences cap-
tured by the ImDs 104. The CV processing block 164 detects
and tracks the blobs in the ImD-captured images that may
potentially be identified as MAs 110. The output of the CV
processing block 164 may be the foreground blob regions of
detected MAs 110 and/or the trajectories of the MAs 110 on
the BM. Based on the blob regions detected in each image,
image features such as the color histogram within the blob
region, the size of the blob region, and/or the like, may be
calculated and used as the attributes of the blob. A blob can
be of various types and may correspond to more than one
MA 110. For example, two or three MAs 100 that partially
occlude each other may appear in captured images as one
blob.

[0122] Each blob and its attributes represent a CVO which
may represent one or more MAs 110. For example, a small
cluster of MAs 110 may exhibit in the ImD-captured images
as a single CVO which may be later split to multiple CVOs
when the MAs 110 move away from each other.

[0123] The CVOs are tracked in the CVOOV block 168 in
an orthographic or birds-eye view of the floor space using a
Bayesian model to obtain a Bayesian estimate of the trajec-
tory of each MA 110. As described above, the floor space is
partitioned into a 2D matrix of grid points (see FIG. 3) in
embodiments that nonparametric RSSM is used. The
obtained Bayesian estimate of the trajectory of each MA 110
is sent to a mobile object tracking block 172. A model of the
physical motion of the MAs 110 is used in estimating the
trajectory of each MA 110.

[0124] The software structure 160 also comprises a MWD
processing block 166 and a MWO orthographic view
(MWOOV) block 170. In the MWD processing block 166,
RSS observables and position-sensing sensor observables
are collected from MWDs 108 and combined into a MWO.
In these embodiments, each MWD 108 is uniquely identi-
fiable such as based on the Medium Access Control (MAC)
address thereof (which may be stored in the server 120 or
sent from the MWD 108 to the server 120). Therefore, the
MWOs and active MWDs 108 in the site 102 can be
one-to-one mapped with each other.

[0125] Each MWO is tracked in the MWOOV block 170
in an orthographic or birds-eye view of the floor space. The
floor space is partitioned into a two dimensional matrix of
grid points (see FIG. 3) in embodiments wherein nonpara-
metric RSSM is used.

[0126] Inthe MWOOYV block 170, the MWOs are tracked
within the floor space based on Bayesian processing to
obtain a Bayesian estimate of the trajectory of each MWD
108, which is sent to the mobile object tracking block 172
for tracking the MAs 110.

[0127] In particular, the BM 162 comprises the RSSM
with the parameters and coefficients for each AP 106. The
MWOOYV block 170 may use the RSSMs with the current
RSS observables and position-sensing sensor observables
obtained from the MWD 108 to generate an estimate of the
MWD trajectory. The model of the physical motion of the
MAs 110 is used in estimating the trajectory of each MWD
108 as each MWD 108 is associated and movable witha MA
110.
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[0128] As described above, the trajectories of MAs 110
and MWDs 108 obtained in the CVOOV block 168 and the
MWOOYV block 170 are sent to the mobile object tracking
block 172. Under the management of a MLS management
block 174, the mobile object tracking block 172 pairs the
trajectories of MAs 110 and MWDs 108 (or more precisely
the trajectories of CVOs and MWOs) and calculates the PoA
between each pair of MA 110 and MWD 108 for determin-
ing the confidence of pairing. In these embodiments, the
PoA is a matrix of probabilities that varies with time to
reflect the changes in the MA and MWD tracking in the
CVOOV and MWOOYV blocks 168 and 170.

[0129] FIGS. 5A to 5C show an example of CV processing
conducted in the CV processing block 164. The CV pro-
cessing block 164 stores a background image for each ImD
104 (obtained at an initialization stage). As shown in FIG.
5A, a source image 182 is captured by an ImD 104. Then,
the CV processing block 164 combines the source image 182
with the corresponding background image (not shown) to
obtain a foreground mask image 184 (see FIG. 5B) by
filtering the foreground (MA) from the background. As
shown in FIG. 5B, a blob 186 is detected in the foreground
mask image 184, which is then used as a CVO and is
possibly corresponding to a MA 110. As shown in FIG. 5C,
a bounding box 188 is produced by the CV processing block
164 for marking the detected CVO 186 and for estimating
the location of the MA 110 in the 2D image plane. The
estimated location of the MA 110 in the image plane is then
projected onto the real-world coordinate system of the 3D
space of the site 102 by using a suitable projective geometry
processing method. For example, the location of a MA 110
in the image can be estimated as the floor contact point of the
corresponding CVO in the 2D image plane, which is pro-
jected to a position (X,,.9,,) in the real-world coordinate
system. Other attributes of the CVO such as the color
histogram and the height of the target may also be used in
the mobile object tracking block 172 for PoA calculation.
[0130] The accuracy of the estimated locations (X,,,,,) of
a MA 110 is degraded when the MA 110 is at a distance from
the ImD 104. To solve this issue, a main field of view (FOV)
area with one or more entrance/exit areas may be defined
and associated with each ImD 104. Such a main FOV area
corresponds to at least a portion of the FOV of the ImD 104
that the estimated locations (X,,¥,) of a MA 110 has
sufficient accuracy. The area between the main FOV areas of
two neighboring ImDs 104 may be defined as an estimation
area or blind area.

[0131] FIG. 6 shows an example of a BM 162 of a site 102.
In this example, two neighboring ImDs 104 A and 104B with
non-overlapped main FOV areas are shown. The ImD 104A
is associated with a main FOV area 204A with entrance/exit
areas 206A1 and 206A2. The ImD 104B is associated with
a main FOV area 204B with entrance/exit areas 206B1 and
206B2. The area between the two main FOV areas 204A and
204B is set as an estimation area 208.

[0132] When a MA 110 is moving from one ImD 104 to
a neighboring ImD, the position state (in a main FOV area
or in an estimation area) of the MA 110 may be obtained
from the CV processing by checking whether the MA 110 is
entering or leaving a main FOV area of an ImD 104 through
a corresponding entrance/exit area.

[0133] Ifitis determined that a MA 110 is within the main
FOV area of an ImD 104, the position of the MA 110 in the
real-world coordinate system is then determined by projec-
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tive geometry mapping from its location in the image plane.
Ifitis determined that a MA 110 is within an estimation area
between two neighboring ImDs 104, the position of the MA
110 in the real-world coordinate system is then determined
by interpolation based on the previous locations of the MA
110.

[0134] FIG. 7A shows three source images 222, 224, 226
captured by the two neighboring ImDs 104A and 104B
(denoted as Cam-A and Cam-B) in FIG. 6 at different time
instants. In particular, image 222 is captured by Cam-A/
104 A at a time instant TA, images 224 and 226 are captured
by Cam-A/104A and Cam-B/104B, respectively, at a later
time instant TB.

[0135] FIG. 7B show the foreground mask images 232,
234, 236 obtained from source images 222, 224, 226,
respectively. Each foreground mask image 232, 234, 236
comprises a detected CVO 242, 244, 246, respectively. FIG.
7C show the images 252, 254, 256 with the bounding boxes
262, 264, 266 added to the detected CVOs 242, 244, 246.

[0136] By using the BM 162 and the model of the physical
motion of the MAs 110 in the site 102, the system 100
determines that the CVOs 242, 244, 246 correspond to a
same MA 110. Moreover, the system 100 determines that the
MA 110 has moved out of the main FOV area 204A of the
ImD Cam-A/104A via the entrance/exit area 206A2, and the
projected location of the MA 110 based on the image 222
captured by the ImD Cam-A/104A is unreliable. On the
other hand, the system 100 also determines that the MA 110
has entered the main FOV area 204B of the ImD Cam-B/
104B via the entrance/exit area 206B1. Therefore, the pro-
jected location of the MA 110 based on the image 226
captured by the ImD Cam-B/104B is used as the location of
the MA 110.

[0137] As described above, if a MA 110 is in an estimation
area, interpolation is used for determining the position of the
MA 110. In some embodiments, constraints such as the
boundaries of the estimation area may be used to limit the
moving range of a MA 110. For example, a constraint in
some embodiments may be that the MA 110 cannot go
outside of the estimation area 208 of the BM 162. Then, the
locations of the MA 110 inside the estimation area 208 may
be interpolated based on previously estimated locations
calculated from the CV processing 164.

[0138] FIG. 8 shows an example of tracking a MA (not
shown) walking along a path 282 in the site. Two ImDs
104C and 104D with non-overlapped main FOV areas are
used for tracking the MA. The ImD 104C has a main FOV
area 204C with two entrance/exit areas 206C1 and 206C2.
The ImD 104D has a main FOV area 204D with two
entrance/exit areas 206D1 and 206D2. An estimation area
214 is defined between the two main FOV areas 204C and
204D. The error variance distribution in the form of standard
deviation of the estimated locations of the path 282 is shown
in FIG. 9. As can be seen, the standard deviation of the
estimated locations of the path 282 in the main FOV areas
204C and 204D is small, and that in the estimation area 214
is relatively large.

[0139] The processing of the CVOOV and MWOOV
(blocks 168 and 170 of FIG. 4) each comprises a two-step
Bayesian processing for updating the CVOs and MWOs
(described below) and results in a posteriori probability of
the state variables associated with the tracked objects con-
ditioned on all observations accumulated to the present time.



US 2018/0025500 A1

[0140] For ease of description, the following description
only considers the displacement state variables, which are
the two floor space displacement variables x and y on the
floor grid. Referring again to FIG. 3, the displacement
variables x and y of a MA/MWD 144 are the distances
between the MA/MWD 144 and a predefined reference point
146 along an x-axis and a y-axis, respectively. In embodi-
ments that the predefined reference point 146 is the origin of
an x-y coordinate system, the displacement variables x and
y of the MA/MWD 144 are the x and y coordinates thereof.
[0141] In the CVOOV and the MWOOV orthographic
grid observation blocks 168 and 170, at the completion of an
update cycle (processing of CV or MWD data) a Minimum
Mean Square Error (MMSE) estimate of the state variables
is calculated as the mean of the updated a posteriori distri-
bution. Consequently, the two-step Bayesian processing for
updating a CVO or MWO (collectively denoted as a tracking
object) comprises the following two steps:

[0142] 1. Probability Diffusion

[0143] The dynamic motion of a tracking object (for
example a CVO or MWO) is determined by a plurality of
parameters of the tracking object, and may be described as
a function of the state variables estimated from the previous
update cycle. A diffusion probability kernel is created from
the state variables and convolved with the a posteriori
probability of the output of the previous update cycle. Let s,
represent the state variable vector where the subscript t
denotes the update time index. Let p(s, ) represent the a
posteriori probability of the state variable vector s, condi-
tioned on the complete set of observations up to the time t-1.
Furthermore, define p(s, s, ;,u;) as the kernel of the diffusion
probability that is tantamount to the transition probability
between the states of s, ; and s, conditioned on any deter-
ministic update component u,. The predicted state probabil-
ity for update t, denoted as p(s,), is then given as the general
vector convolution as

D) s, L udp(s,. s, )]

It is noted that p(s,ls, ;,u,) is specifically dependent on the
BM and forbids transition probability through object-impen-
etrable walls or into forbidden areas where it is impossible
for the object to be located.

[0144] 2. Correction with Measurements

[0145] During the update time interval of t-1 to t, there is
a set of observation events that are then accounted for. In the
CV case, this may be a CVO output from one or more of the
ImDs 104. If a MA 110 enters the estimation area, the CV
update may be replaced by an interpolation method such as
described above. Likewise there may be an RSS or position-
sensing sensor observation for a MWD 108. The set of
available CV or MWD sensor (including RSS and/or posi-
tion-sensing sensors) observations is denoted as z, The
likelihood of z, based on the state vector s, is determined
individually for the CV and the MWD and is denoted in
general as the conditional probability of (zls,). This is
applied as the second Bayesian update step or state a
posteriori probability correction step as

P(Sz‘z):np(zz‘sz)i(sz), (6)
where 1) is a normalizing constant such that p(s,|z) integrates
to unity.

[0146] In these embodiments, the state variables only
comprise the 2D grid of the floor space, thereby resulting in
a 2D RSSM. Those skilled in the art will appreciate that in
other embodiments other state variables may be used. For
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example, in various alternative embodiments, other vari-
ables relevant to the RSSM such as the height z of a MWD
with respect to a reference surface such as the floor, MWD
type, MWD orientation, the MWD position on the MA, the
velocity and moving direction of a MA/MWD, and/or the
like, may also be used as state variables, thereby resulting in
a multi-dimensional RSSM. It is noted that in some embodi-
ments wherein the system has limited computational capa-
bility, it may be impractical to have the RSSM accommodate
all of these variables.

[0147] Inthe embodiments that uses the height z of MWD
as a state variable, the height z may be a discrete variable
quantized in terms of building floors as this is usually easily
detectable with barometers or prior trajectory history.
[0148] MWD orientation is generally difficult to deter-
mine and varies significantly with time. For example if the
MWD 108 is a small tag device and a MA 110 carries the
MWD 108 in a pocket, then the MWD orientation is
essentially a random process as the MA 110 walks. In this
case the orientation of the MWD 108 is best represented as
a random variable. For example, suppose that the RSSM has
been created and calibrated based on MWD orientation as a
variable. When reading out this RSSM for the MWD 108,
the orientation thereof is assumed to be random and hence
the RSSM is averaged with respect to this state variable.
Given a crowd-sourcing opportunity event triggered by the
MA 110 carrying such MWD 108, the collected RSS data
can be rejected as it originates from a MWD of random
orientation. However, a calibration processing can be imple-
mented such that the inference of the MWD RSS data is
accounted for although the orientation of the MWD is
random. There are many known algorithms that can quantify
this inference, and hence the RSSM parameters and coeffi-
cients can still be updated based on such incomplete data. In
general, any RSS data from an arbitrary MWD 108 that has
triggered a crowd-sourcing opportunity with unknown or
random state variables can still contribute to a RSSM
maintenance calibration (described later) by using statistical
inference algorithms.

[0149] Many suitable algorithms may be used for estab-
lishing the pairwise PoA between the MAs 110 and MWDs
108. These algorithms are generally complex. The choice of
algorithm depends on the details of the scenario. In general,
for the MLS described in these embodiments, the CVOOV
and MWOOV may result in grid-based approximations of
the a posteriori probability density functions. These func-
tions evolve with time as the trajectories of the MA 110 and
MWD 108 change. To make the grid-based approximations
tractable, similarity evaluations may be employed to esti-
mate the similarities between the a posteriori distributions
(such as the a posteriori probability density functions) of the
MA 110 and MWD 108. In these embodiments, the Kullback
Leibler Distance (KLD) is used for similarity estimation. In
particular, pairwise KLLDs are computed and compared to
thresholds. Then, a quantitative comparison of the MA 110
and MWD 108 is made and the PoA is derived therefrom.
[0150] Those skilled in the art will appreciate that other
algorithms such as Bhattacharyya Distance may alterna-
tively be used for similarity estimation.

[0151] RSS Calibration

[0152] RSS calibration may be required for using the
RSSM. A practical issue with a RSSM is that it typically
becomes less accurate over time due to environmental
changes in the site 102 such as APs being modified or



US 2018/0025500 A1

moved, facilities in the building space being changed, and/or
the like. For example, the floor covering may be replaced
with a material that has different electromagnetic properties
thereby resulting in changes to the wireless propagation such
that the RSSM (for example, values of ¢, in embodiments
where the parametric RSSM is used) is changed and has to
be re-evaluated. Consequently, RSS calibration may be
repeatedly conducted.

[0153] In embodiments herein, two modes of RSSM cali-
bration are described, including an initial calibration mode
executed by the system 100 at an initialization stage for
generating the initial RSSM (for example, values of ¢, in
embodiments where the parametric RSSM is used), and a
maintenance calibration mode periodically executed by the
system 100 during tacking MAs 110 and MWDs 108 for
updating the RSSM based on changes in the building
wireless propagation.

[0154] Inthese embodiments, ImDs 104 in the site 102 are
used for RSSM calibration in both the initial and mainte-
nance calibration modes. The ImDs 104 are initially cali-
brated such that objects in the captured images can be
mapped to a corresponding location in the building space or
the site 102. In other words, an object such as a MA 110 in
the FOV of an ImD 104 can be mapped to a corresponding
point or location on the building floor based on a suitable
projective transformation.

[0155] In the maintenance calibration mode, a mainte-
nance calibration event (also denoted as a calibration event
hereinafter) refers to an event that a maintenance calibration
of the RSSM is conducted. In some embodiments, a main-
tenance calibration event may be triggered by a crowd-
sourcing opportunity event in which a MA 110 is paired or
associated with an MWD 108 with a sufficiently high PoA.
In some other embodiments, a maintenance calibration event
may be triggered by a crowd-sourcing opportunity event and
one or more other conditions (described later). Generally,
the maintenance calibration events occur during tracking of
MAs 110, and many crowd-sourcing opportunity events
during MA tracking may qualify for triggering maintenance
calibration. Therefore, in some embodiments, maintenance
calibration may be periodically conducted in response to the
qualified crowd-sourcing opportunity events occurring at or
about predetermined or scheduled time instants.

[0156] Initial RSSM Calibration Mode

[0157] In the initial RSSM calibration mode, a MA 110
carrying a MWD 108 traverses the floor space of the site
102. As there is only a single MA 110 and a single MWD
108 roaming in the floor space, the PoA between the single
CVO and the single MWD is one. In other words, the MA
100 detected in the captured images is always surely paired
with the MWD 108. Moreover, as no RSSM has been
established in the initial calibration mode, the projected
location determined by the CVOOV 168 is used as the
location of the MA 110 for tracking the trajectory of the
paired MA 110 and MWD 108.

[0158] FIG. 10 is a flowchart showing the steps of a
process 340 of the initial calibration mode. As shown, the
single MA 110 is detected and tracked via the ImDs 104 and
CV processing 164 based on the BM data 162 (step 342).
The wireless signals transmitted from APs 106 are detected
by the wireless signal scanner of the MWD 108, and the RSS
thereof is measured (step 344). The RSS measurements are
sent via the host AP to the server 120 (step 346), in which

Jan. 25, 2018

the mobile object tracking block 172 combines the CVO and
MWO data and generates the RSSM (step 348).

[0159] In embodiments using a parametric RSSM, the
mobile object tracking block 172 calculates RSSM param-
eters and coeflicients at step 348 for generating the para-
metric RSSM. In embodiments that use a nonparametric
RSSM, the mobile object tracking block 172 updates the
radio maps at step 348 for generating the nonparametric
RSSM.

[0160] Initial Calibration of the Parametric RSSM

[0161] With the MA 110 carrying the MWD 108 and
traversing the floor space of the site 102, the vector of RSS
observables r=[r, 1, . . . r/] (see Equation (1)) is continuously
measured by the MWD 108, and the MA 110 is detected and
tracked by the ImDs 104 and the CV processing. As
described above, the MA 110 is detected in the images
captured by one or more ImDs 104 and is mapped to a
location (x,,,y,,) in the floor space of the site 102. Thus,
during the initial RSSM calibration, a plurality of reference
points are established and are associated with the RSS
observable vector r measured at the corresponding locations.
The RSS parameters of c,, are then evaluated based on the
reference points and the corresponding RSS observable
vector r using a suitable numerical curve-fitting method.
[0162] Insome alternative embodiments, the MA 110 may
carry the MWD 108 and traverse the floor space of the site
102 for multiple times to obtain a plurality of RSS observ-
able vectors r at each reference point. The obtained RSS
observable vectors at each reference point are then com-
bined, such as averaged, to obtain a combined RSS observ-
able vector at each reference point. The RSS parameters of
c, are then evaluated based on the reference points and the
corresponding combined RSS observable vector r by using
for example, a suitable numerical curve-fitting method.

[0163] Initial Calibration of the Nonparametric RSSM

[0164] As described above, the nonparametric RSSM is
based on establishing one or more radio maps. Creating and
maintaining radio maps are expensive in terms of surveying.
In the following, a method for initial calibration mode of a
nonparametric RSSM is described for efficiently creating
and maintaining radio maps. The method may also be used
for maintenance calibration of a nonparametric RSSM.

[0165] Similar to the initial calibration mode of the para-
metric RSSM, in the initial calibration mode of the non-
parametric RSSM, a MA 110 carrying a MWD 108 traverses
the floor space of the site 102 and the vector r is continuously
recorded.

[0166] However, in the initial calibration mode of the
nonparametric RSSM, the MA 110 does not need to traverse
the entire floor space of the site 102. Rather, the MA 110
only need to pass the vicinity of each grid point along a
convenient survey path. The system 100 records the RSS
observables and determines the corresponding vector r (de-
noted as the observed RSS vector r) at the locations that the
MA 110 has traversed. Then, the system 100 uses spatial
interpolation to interpolate the observed RSS vectors r and
obtain spatially interpolated vectors r at the grid points using
the recorded RSS observables. N radio maps with the
spatially interpolated vectors r are then obtained.

[0167] In some alternative embodiments, the system 100
may spatially interpolate the RSS observables and obtain
interpolated vectors r for the entire floor space of the site 102
using the recorded RSS observables.
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[0168] Maintenance RSSM Calibration Mode

[0169] In the maintenance calibration mode, the RSSM is
calibrated during the detection and tracking of the MAs 110
and MWDs 108 by using an opportunistic crowd-sourcing
method. The opportunistic crowd-sourcing method consid-
ers MAs that carry MWDs as signals of opportunity suitable
for RSS calibration, and uses crowd-sourcing opportunity
events for updating RSSMs. In the maintenance calibration
mode, the MLS system 100 uses a process utilizing the full
structure shown in FIG. 4 as there are no a priori assump-
tions regarding the set of MAs 110 and MWDs 108 currently
in the site 102.

[0170] Maintenance Calibration of the Parametric RSSM
[0171] By wusing the opportunistic crowd-sourcing
method, reference points are established based on the MA-
MWD association, and RSS observables collected at or
about the reference points are used for calibrating the RSSM
parameters. However, in the maintenance calibration mode,
the collected RSS observables are used to tune the RSSM
parameters with the degree of tuning based on a suitable
weighting method (described later; see Equations (13) and
(14) and description thereabout).

[0172] Inparticular, the system 100 uses one or more MAs
110 isolated/detected from the ImD-captured images as the
candidates for RSS crowd-sourcing. At the same time, the
MWDs 108 detected within the floor space of the site 102
are tracked based on the RSS calibration values contained in
the parameter vectors of c,, currently stored in the system
(denoted as stored values), which may be different to the
actual values of ¢,, due to environmental changes and there-
fore need to be calibrated. As the maintenance calibration is
conducted sufficiently frequently, the difference between the
stored values of ¢, and the actual values of ¢, is generally
small. Therefore, tracking the MWD 108 using the stored
values of c, is still reasonably accurate and the MWD
trajectory estimate is only slightly degraded due to the
relatively small error in c,,.

[0173] The correlation of the estimates of the MWD and
MA trajectories are then calculated. If the trajectories of a
MWD 108 and a MA 110 are sufficiently correlated, the PoA
thereof is a value close to unity and the MWD 108 is then
associated with the MA 110. The position of the MA 110
calculated by the CV processing is used as the reference
location which is generally more accurate compared to that
of the MWD 108 calculated using RSS observables and/or
position-sensing sensor observables. The vector r (see Equa-
tion (1)) related to the MWD 108 is used to adjust the
parameter vector c,. Such adjustment is based on a suitable
weighted updating method such as a moving average
method such that the adjustment to ¢, based on the RSS
observables currently obtained by the MWD 108 is typically
small. In this way, the calibrated RSSM parameters are
always based on averaging over many statistically indepen-
dent RSS observables related to a common reference point,
which eliminates the random effects of small-scale multi-
path, variances in the antenna orientation, and other non-
modelled components of the RSSM, and ultimately results
in a more accurate location estimate of the MWD 108.
[0174] FIG. 11 is a flowchart showing the steps of a
maintenance calibration process 400. As shown, the process
400 comprises (i) steps of ImD processing 402 for process-
ing images captured by ImDs 104 to obtain the estimated
trajectories of the Mas 110, (ii) steps of MWD RSS pro-
cessing 404 for processing RSS observables and/or position-
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sensing sensor observables to obtain the vector r which is
used to estimate the trajectories of MWDs 108, and (iii)
steps of RSSM updating 406 for updating the parameters of
RSSM.

[0175] In ImD processing 402, cach ImD 104 captures a
sequence of images (step 412). The captured image
sequences are processed using a CV processing module for
isolating blobs therein and detecting MAs 110 from isolated
blobs (step 414). Then, the trajectories of detected MAs 110
are estimated (step 416). The process then goes to step 422.

[0176] The MWD RSS processing 404 is also executed in
parallel with the ImD processing 402. At step 418, MWD
signals are detected by for example the APs 106. At step 420,
MWD positions and MWD trajectories are calculated using
RSS observables and/or position-sensing sensor observ-
ables.

[0177] Atstep 422 of the RSSM updating 406, the MA and
MWD trajectories are compared for calculating correlation
and the PoA thereof. If the calculated PoA between a MA
110 and a MWD 108 is greater than a predetermined
probability threshold, the MWD 108 is then associated with
the MA 110, and the MA 110 and the MWD 108 are
considered moving together. At step 424, some or all of the
associated MAs 110 and MWDs 108 are used for updating
the parameters of RSSM. For example, for a pair of asso-
ciated MA 110 and MWD 108, the location of the MA 110
(determined by ImD 104 and CV processing) is used as a
reference point, and the RSSM parameters are updated with
the measurements in r over the observed MWD and MA
trajectory (the MWD and MA trajectories merged to one
trajectory as they are sufficiently correlated).

[0178] Maintenance Calibration of the Nonparametric
RSSM
[0179] Crowd-sourcing is used in the maintenance cali-

bration of the nonparametric RSSM. The process of the
maintenance calibration of the nonparametric RSSM is
similar to that shown in FIG. 11 for maintenance calibration
of the parametric RSSM, except that, in the process of the
maintenance calibration of the nonparametric RSSM, step
424 updates the radio maps.

[0180] In the maintenance calibration mode, one or more
MAs 110 moving across the floor space of the site 102 are
isolated in the ImD-captured images. MWDs 108 are also
detected and tracked. A MA 110 and a MWD 108 are
associated if their trajectories are correlated and the PoA
thereof is greater than a predetermined probability threshold.
After associating MWDs 108 with MAs 110, the vectors r
are obtained and are used for calculating spatially interpo-
lated vectors r at the grid points. The N radio maps are then
updated with the spatially interpolated vectors r.

[0181] In the maintenance calibration mode, the param-
eters and radio map coefficients are adaptively tracked based
on (1) selection of opportunistic events of isolated MAs, i.e.,
the events that one or more MAs 110 are isolated in the
ImD-captured images, (2) estimation of the trajectories of
the MAs 110 using CV processing, (3) estimation of the
trajectories of the MWD 108 based on RSS observables
and/or position-sensing sensor observables, (4) correlation
of MA and MWD trajectories to associate MAs 110 and
MWDs 108 with sufficiently high PoAs therebetween, and
(5) interpolative update of parameters and coefficients in the
RSSM based on a suitable weighting scheme (described
later; see Equations (13) and (14)).
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[0182] As described before, when an opportunity for cali-
bration is available, the recorded RSS values in r as made by
the MWD 108 are used in the update interpolation of the
radio maps. As previously described and shown in FIG. 4, a
maintenance calibration event is triggered in the mobile
object tracking block 172 when an isolated MA 110 is
detected in the CVOOV 168 and is paired or associated with
an MWD 108 detected in the MWOOV 170 with a high
PoA.

[0183] The interpolation of the observed RSS vector r into
the set of RSSMs is now described. It is noted that the
MA-MWD association has been established before the inter-
polation of the observed RSS vectors r.

[0184] As described above, the nonparametric RSSM uses
a grid system (see FIG. 3) for building radio maps in which
the building floor surface is partitioned into square grids
with a grid spacing of A. Such a grid partition is used in both
the CVOOV and the MWOOV processing blocks 168 and
170 (see FIG. 4). The grid points 142 are represented as
(Xg.i,Yg.,) With the subscript g denoting grid, i being the
grid index in the y direction, and j being the grid index in the
x direction. The grid spacing A is typically about 0.25 meters
in some embodiments which is considerably smaller than the
precision of the RSS signal, and thus the small-scale devia-
tions due to small feature multipath are spatially filtered out
and may not need to be taken into account in the reference
model.

[0185] FIG. 12 shows an example of a portion of a 2D grid
system 440 for a floor space. The radio map comprises same
grids as the floor grids, and is indexed in the same way
thereof. Thus, each grid of the radio map has a value denoted
as R, . Moreover, the radio map also has an ancillary array
of weights W, ; associated with the grid points.

[0186] For ease of illustration, FIG. 12 also shows the CV
position estimate 442 of a MA 110/MWD 108 at a location
(Xpra59274) and an arbitrary grid point 444 indexed as grid
point (i,j) at a location (X, .y, )-

[0187] When a RSS measurement event occurs and an
RSS reading of value R,, related to the MA 110/MWD 108
is received, the radio map is then updated based on R, by
using a radio map updating method with the following steps:
[0188] 1. calculating a set of location weights using a
Gaussian kernel:

w; ~eXp (—a((xg,i,/—fMA)2+()’g,i,/—)7MA)2))a 7

where the parameter o is related to the inverse of the squared
deviation of the Gaussian kernel. Typically, o has a value of
about 0.5.

[0189] 2. calculating or updating the radio-map weight
matrix:

W =W w,,. ®
[0190] The radio-map weight W, ; represents the effective

number of RSS samples used to generate the radio map at
the grid point (i,j).

[0191] The initial value of W, denoted as W, J(O), is
calculated in the initial calibration mode as:

I/Vi,/'(O):eXp(_a((xg,i,j_xAMA)2+(yg,i,j_yAMA)2))' 9
[0192] 3. calculating or updating the radio-map value
matrix:

R, =R, AR, W, 10

and the value used during the normal operation of using the
radio map is R, /W, ..
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[0193] The initial value of R, denoted as R, J(O), is

calculated in the initial calibration mode as:
Ri,j(O):RmxeXp(_a((xg,iJ_xAMA)2+(yg,iJ_yAMA)2))> (11

where x represents multiplication.

[0194] Those skilled in the art will appreciate that
although a Gaussian kernel is used in these embodiments,
other suitable spatial kernels may be alternatively used in
some other embodiments.

[0195] Moreover, the kernel can be chosen such that each
RSS sample influences the radio map over a wide floor area
(denoted as a wide-influence kernel) which means that in
embodiments using a Gaussian kernel, a small value shall be
selected for the parameter o in Equation (7).

[0196] Such a wide-influence kernel gives rise to an
advantage that a MA 110 carrying a MWD 108 does not
need to traverse the entire floor space in the initial RSSM
calibration. Rather, the MA 100 may only need to travel a
portion of the floor space along a survey path such as the
survey path 502 shown in FIG. 13 for an initial RSSM
calibration of a floor space 500 such that, with the wide-
influence kernel, the influence of the RSS samples collected
along the survey path can cover the entire floor space and
therefore, the RSS samples collected along the survey path
can be used to build a radio map for the entire floor space.
Such a radio map comprises accurate RSS information in the
vicinity of the survey path that the MA 110 has travelled
therealong and comprises less accurate but reasonable
approximation of the RSS information elsewhere.

[0197] The RSS information accuracy of the radio map
may be improved in the maintenance calibration mode by
using crowd-sourced RSS data.

[0198] In some embodiments, maintenance calibration
events may be triggered by crowd-sourcing opportunity
events, and crowd-sourced RSS data obtained at any loca-
tion of the floor space may be used for updating the RSSM
and for improving the RSS information accuracy of the radio
map.

[0199] In some alternative embodiments, each mainte-
nance calibration event is triggered by a crowd-sourcing
opportunity event and an additional condition that the tra-
jectory of the CVO determined by the CVOOV is within a
region where the radio-map weight W, is greater than a
given weight-acceptance threshold. The radio-map weight
W, , represents the effective number of RSS samples used to
generate the radio map at the grid point (i,j). Therefore, a
small radio-map weight W, ; implies that a small number of
RSS samples are needed to generate the radio map at the grid
point (i,j) and consequently, the RSS information at the grid
point (i,j)) may be accurate. On the other hand, a large
radio-map weight W, - implies that a large number of RSS
samples are needed to generate the radio map at the grid
point (i,j) and consequently, the RSS information at the grid
point (i,j) may be less accurate and therefore need calibra-
tion.

[0200] The weight-acceptance threshold may be pre-
defined based on the properties of the RSSM. For example,
if the environment of the floor space of the site 102 is
essentially line of sight propagation, then the initial calibra-
tion conducted only along a survey path may be sufficient for
the entire floor space. The weight-acceptance threshold for
such a site 102 may be a small value. On the other hand, if
the environment of the floor space of the site 102 is complex
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and the RSSM has high variability, the weight-acceptance
threshold for such a site 102 may be a large value.

[0201] FIG. 13 shows a portion of a survey path 502 in a
floor space 500. The dashed lines 504 are the weight-
acceptance threshold lines. In a first area 506 (denoted as a
non-calibration area) between the weight-acceptance thresh-
old lines 504, the radio-map weight W, ; is smaller than the
weight-acceptance threshold. In a second area 508 (denoted
as a calibration area) outside the weight-acceptance thresh-
old lines (on the side of each weight-acceptance threshold
line opposite to the survey path 502), the radio-map weight
W, , is greater than the weight-acceptance threshold. In this
example, maintenance calibration is conducted in the cali-
bration area 508. No maintenance calibration is conducted in
the non-calibration area 506.

[0202] For example, FIG. 13 shows a MA 110 that has
been associated with a MWD (not shown) is moving from
the calibration area 508 into the non-calibration area 506
along a trajectory which is shown in FIG. 13 as a trajectory
portion 510A in the calibration area 508 and another trajec-
tory portion 510B in the non-calibration area 506. When the
MA 110 is moving in the calibration area 508 along the
trajectory portion 510A, the radio-map weight W, is greater
than the weight-acceptance threshold and maintenance cali-
bration may be conducted. However, when the MA 110 has
entered the non-calibration area 506 and moves therein
along the trajectory portion 510B, the radio-map weight W, ;
is smaller than the weight-acceptance threshold and no
maintenance calibration is conducted.

[0203] Those skilled in the art will appreciate that the
radio-map weight W, ; is generally greater at locations of
further distances to the survey path 502. Therefore, in some
alternative embodiments, the MLS 100 conducts more main-
tenance calibrations at locations of further distances to the
survey path 502.

[0204] In yet some alternative embodiments, the MLS 100
checks the radio-map weight W, ;, and conducts more main-
tenance calibrations at locations with greater radio-map
weights W, .

[0205] Those skilled in the art appreciate that a radio map
will often deteriorate (i.e., become less accurate and less
reliable) over time if no update to the radio map is made or
if no deliberate calibration is periodically made thereto.
Therefore, in some embodiments, the MLS 100 maintains a
reliability weight for each radio map. Each reliability weight
has a predefined initial value such as one (1) and is peri-
odically updated by multiplying therewith a factor having a
deterioration value slightly smaller than one (1). The dete-
rioration value may be a predefined value or alternatively, a
value dynamically updated by the system based on suitable
conditions such as the observed environmental change rate.
[0206] Thus, the reliability weight of each radio map
decreases over time and when the reliability weight is
smaller than a predefined threshold, a deliberate calibration
is conducted to augment the radio map with new weighted
interpolation data which also boosts W, ;. Such a deliberate
calibration is similar to the above-described initial calibra-
tion with the exception that the radio map is updated by a
weighted combination of the existing RSSM data and the
data newly obtained from the deliberate calibration. Then,
the reliability weight of the radio map is reset to its initial
value.

[0207] As can be seen, the RSSM is constantly evolving
with repeated maintenance calibration and the deliberate
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calibration that may be conducted. In some embodiments,
the MLS 100 uses a RSS quality factor Qs in calculation
of w, :

iy

W; /= OrsseXp (—a((xg,iffMA)2+()’g,i,/—)7MA)2)) > (12)

where Qg is greater than one (1) if the RSS calibration
measurements are of high quality, and Qg is smaller than
one (1) if the RSS calibration measurements are of low
quality. The description below explains the use of different
RSS quality factor Qg in RSSM calibration.

[0208] FIG. 14 shows an example of a rectangular room
530 with a single ImD 104. The ImD 104 has a limited FOV
area 532 that only covers a portion of the room 530.
Therefore, some areas 534 of the room 530 is not visible to
the ImD 104 and any MA in those areas 534 is not detectable
by the ImD 104.

[0209] The FOV area 532 may be partitioned into a
proximal area 536 in proximity with the ImD 104 and a
distal area 536 at a distance to the ImD 104. A MA in the
proximal area 536 may be detectable with a projected
position of high accuracy. On the other hand, a MA in the
distal area 538 may merely be detectable with a projected
position of low accuracy.

[0210] Correspondingly, the RSS quality factor Qs may
be set as a function of the grid index (i,j), denoted as
Qzss(,]), which may have a value greater than one (1) for
grid points in the proximal area 536, and may have a value
smaller than one (1) such as about 0.25 to 0.5 for grid points
in the proximal area 538. The RSS quality factor Qs in the
invisible areas 534 may be set to zero (0).

[0211] For the trajectory in FIG. 13, Qz4(i,j) would be set
as the interpolated values for grid points outside the main
FOV area.

[0212] In an initial nonparametric RSSM calibration, a
MA carrying a MWD (both not shown) travels in the room
530 along a survey path 542 to scan RSS observables for
building a radio map wherein w, , is calculated using Equa-
tion (12) with the RSS quality factor Qg4 being set for the
proximal and distal areas 536 and 538 as described above.
As the RSS quality factor Q. in the invisible areas 534 is
zero (0), the survey path 542 shall be selected within the
FOV area 532.

[0213] As described above, in some embodiments, the
MLS 100 calculates a Bayesian estimation of the CV
trajectory of a MA 110 which uses previously estimated
trajectory positions of the MA 110 to estimate the current
position thereof, and incorporates the dynamics of the MA
110 into the Bayesian estimate.

[0214] In these embodiments, the MLS 100 may use the
estimation of current trajectory points to refine the RSS
calibration at previous trajectory points. For example, the
MLS 100 may use the Bayesian covariance of the trajectory
estimation at any point to determine an appropriate value for
Qzss(j). Therefore, the RSS quality factor Qzgs in the
invisible areas 534 may take a nonzero value. The survey
path then does not need to be entirely within the FOV area
532, and may be extendable into the invisible area 534.
Moreover, the survey path does not need to traverse all grid
points for building a radio map or RSSM that covers the
entire floor space.

[0215] As those skilled in the art will appreciate, the
location estimate of a MA 110 based on CV processing
(denoted as CV-based location estimate hereinafter) is usu-
ally more accurate than that of a MWD 108 based on RSS
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observables and/or position-sensing sensor observables (de-
noted as MWD-based location estimate hereinafter). How-
ever, the CV-based location estimate of a MA 110 is less
accurate when the MA 110 is at a distance to the ImD 104
such as in the distal area 538 as shown in FIG. 14.

[0216] In some embodiments, the MWD 108 is trained
using the CV-based location estimate of the MA 110 asso-
ciated therewith when the MA 110 is in proximity with an
ImD 104. When the MA 110 moves into a distal area of the
ImD 104 and the CV-based location estimate thereof
becomes less accurate, the MWD-based location estimate is
then used for determining the location of the MA 110.

[0217] FIG. 15 shows an example wherein a MA 110
carrying a MWD 108 travels in a proximal area 536 of the
FOV 532 of an ImD 104 along a first trajectory 542A, then
moves into a distal area 538 of the FOV 532 along a second
trajectory 542B, and eventually moves into an invisible area
534 along a third trajectory 542B. In this example, the MWD
108 comprises inertial sensors such as accelerometers and/or
rate gyros, and has been associated with the MA 110.

[0218] When the MA 110 travels in the proximal area 536
along the first trajectory 542A, the CV-based location esti-
mate thereof is accurate. The MLS uses the CV-based
location estimate to train the inertial sensors of the MWD
108 to compensate for their drifts and offsets. When the MA
110 and the MWD 108 enter the distal area 538, the outputs
of the inertial sensors are combined with the CV-based
location estimate to obtain a location estimate of the MA 110
with improved accuracy. When the MA 110 and the MWD
108 enter the invisible area 534, MWD-based location
estimate is used as the location of the MA 110.

[0219] In some embodiments, the radio-map weights W, ,
and RSS values R, ; are updated using a suitable weighting
method. When a new crowd-sourcing event occurs, there is
a new trajectory component that generates w, , and r, w, ;.
Then, the radio-map weights W, ; and RSS values R, ; are
updated using a weighted combination as:

W, =W, +aw,, 13)
R; =R, AOR, W, (14)

where o is a weighting coeflicient, and O=a<1. Based on the
probability law of large numbers, as calibration data is
accumulated, the space variation and signal deviation in
obtained radio map (i.e., the difference between the actual
RSS value and that stored in the radio map at a location of
the floor space and the difference due to antenna reception
deviations) may be treated as an uncorrelated Gaussian
noise.

[0220] In some embodiments, the MLS 100 may also use
the spatial interpolated gradient components of the radio
mayp, including the gradient of the radio map with respect to
the x direction (denoted as RMx, which is the RSS data of
the radio map over the discrete grid points along the x
direction) and the gradient of the radio map with respect to
the y direction (denoted as RMy, which is the RSS data of
the radio map over the discrete grid points along they
direction). RMx and RMy are calculated whenever an RSS
measurement event occurs and the weight w, ; and R,, are
calculated. Then, the data matrices of

Wy i = 200X g s ~Rag Wi s (1s)

W, =20V g s i~ Para) Wiy (16)
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are calculated and the stored gradient weights, denoted as

W, J and Wy,l. > are calculated as

W, =W, +w.

iy it Wiy

a7

Wiy =Woi W,

i T Wyige 18)

The gradient radio maps are updated as

Rx,i,j :Rx,i,j+Rme,i,j> (19)
Ryi Ry i R Wy (20)
[0221] The values used during the normal operation of

using the gradient components of the radio map are R, /

X X | x,i.,j
;Vx,i ; Tor the gradient in x and R, /W, - for the gradient in

[0222] The initial values of W

x,1,7

cand W

L4 denoted as

W, J(O) and W, J(O), are calculated in the initial calibration
mode as:
VV)c,ij(O)zza(xg,i,j_xAMA) Wi (21)
I/Vy,ij(O)zza(yg,i,j_yAMA)Wi,j' (22)
[0223] The initial values of R, and R, , denoted as
R @ and R, ©, are calculated in the initial calibration
mode as:
Rx,iJ(o)zza(xg,ig"eMA)Wi,'Rm, (23)
R, J(O):Za(ygj IV R (24)
[0224] Monitoring of Crowd-Sourcing Progress
[0225] In some embodiments, in addition to RSSM gen-

eration, the MLS 100 also monitors the quality of the
RSSMs. A measurement of the accuracy of the location
estimate of the MWD is the variance of the location estimate
in the x and y directions for which the Fisher Information is
determined. Let the Fisher Information related to the link
between the n-th AP 106 and the MWD 108 be F1,. Then the
Fisher Information matrix (FIM) is

Ty @5
FL,(Xywp, Yuwp) = ,
Iy Inyy

[0226] where (X, Yamp) are the coordinates of the
MWD and the components of the FI, matrix are given as

1 (arn(xMWDa y;wwu)]z 26)
Jox ® — | ——5——],

o dxpwp
T i(arn(xMWDa yMWD))(Brn(XMWD, yMWD)] 27
i o2 IxXpwp ayMWD
J 1 (arn(xMWDa y;wwu)]z 28
T ot A ymwp ’

Here r, is the RSSM value of the wireless signal link
between the MWD at (X,,571, Yammp) and the n-th AP 106,
and o is the deviation of the RSS as measured by the MWD.
Those skilled in the art will appreciate that o mainly
includes receiver noise and small-scale multipath and may
also include any non-modelled components of the RSS that
are averaged out in the RSSM.

[0227] Various useful metrics can be computed from the
FIM of Equation (25) for providing information regarding
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the sufficiency of the RSS measurements with respect to the
MWD location estimate within a given tolerance. In these
embodiments, the RSS measurement from each AP 106 to
the MWD 108 is considered statistically independent. Then
the FIM of each AP 106 can simply be added to determine
the overall information from all APs 106. Define the total
FIM as

N (29)
J(Xmwp, Yuwp) = Z FL(Xywp, Yuwp)-
=1
Define the inverse of the total FIM as
Joo Ty (30)
I(xgwp» Yawp) = J @pawps yawp) ™ = [ }
> Jyy

Then, /T, and 4/, give an approximation to the deviation
of the location estimate in the x and y directions of the floor
grid, respectively, which is useful for the CVO and MWO
pairing in the mobile object tracking as the tolerance for the
trajectory correspondence can be quantified. The FIM evalu-
ation can also be extended to a trajectory segment covering
multiple RSS observations and Bayesian update steps.
Hence, we can quantify the contribution of the RSS observ-
ables by each AP 106.

[0228] In some embodiments, as described in the litera-
ture, the FI of the MWD position-sensing sensors (such as
an inertial measurement unit comprising accelerometers and
rate gyros) can also be added in such that the total FIM
includes the position-sensing sensor information. The
inverse of the total FIM J is evaluated with the square root
of the diagonal components approximating the trajectory
deviation in the x and y grid directions (or in general along
the directions of all of the state variables.)

[0229] In some embodiments, after FL (X, 5m.Yamp) 18
evaluated, the MLS 100 can determine if there is insufficient
RSS information over a section of the floor surface thereby
prompting the installation of an additional AP 106 about that
section.

[0230] In some embodiments, after FL (X, mmsYarmn) 18
evaluated, the MLS 100 can determine if the RSS informa-
tion is excessive over a section of the floor surface. If so, the
MLS 100 determines one or more APs 106 that contribute
the least amount of information. These determined APs 106
can then be removed from the MLS 100.

[0231] Insome embodiments, the contribution of a certain
wireless signal to the location information can be quantified
thereby prompting the installation or removal of one or more
APs 106 for that wireless signal. For example, if the FI,
KnrmpsYarmn) 18 deficient, the MLS 100 may prompt instal-
lation of one or more APs 106 operating in the frequency
band of that wireless signal.

[0232] Test Results

[0233] FIG. 16 is a plane view of a test floor space 600 for
testing the MLS system 100 disclosed herein. As shown, the
test floor space 600 comprises five (5) cameras 104. Each
camera 104 comprises a Bluetooth® transceiver as the
reference wireless device 106 which transmits a Bluetooth®
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beacon for RSS measurements and for MWD tracking. The
FOV of each camera 104 is indicated in FIG. 16 using thin
dotted lines.

[0234] The test floor space 600 also comprises four (4)
Wi-Fi® APs 602 for wireless communication purposes
which are not used for MWD tracking.

[0235] A MA 110 (not shown) carrying a tablet (not
shown) travels along the survey path 610. The tablet com-
municates with the Bluetooth® transceiver 106 via Blu-
etooth® and is used as a MWD 108 that measures the RSS
of the Bluetooth® beacons it receives. The tablet also
communicates with a server 120 (not shown) via the Wi-Fi®
APs 602 for transmitting the RSS observables to the server.
The server 120 receives captured images and RSS observ-
ables from the cameras 104 and the tablet 108, respectively,
and calculates the trajectory of the MA 110.

[0236] FIG. 17 is a contour plot showing the contour 622
of the radio-map weights W, ; corresponding to the Blu-
etooth® beacon transmitted from the Bluetooth® trans-
ceiver 106A. The cross-marks 624 indicate the locations of
the MA 110/MWD 108 along the survey path 610 (see FIG.
16) where the RSS samples were taken and processed. The
value of W, ; at each location depends on the proximity of the
grid point (not shown) to the survey path 610 with the
deviation of 2 meters selected for the weighting kernel
described above. As the probability of reception of Blu-
etooth® advertising bursts increases with RSS, the number
of processed samples is higher and therefore W, ; is higher at
the locations where the RSS is the largest. In the floor space
furthest from the Bluetooth® beacon transceiver 106A,
there were no valid RSS samples as the Bluetooth® signal
level was too low to detect.

[0237] As described above, the W, ; map may be used for
normalizing the RSS table. In addition, the W, ; map is also
an indication of the effective number of samples at each grid
location and thus may be used as an indication of the
reliability of the RSS map. Therefore, as the initial calibra-
tion based on the single loop survey path 610 does not cover
the entire floor space 600, the RSSM is generally accurate
only in the vicinity of the locations having a large W, ;.
[0238] FIG. 18 is a contour plot of the radio map of the
Bluetooth® beacon transmitted from the Bluetooth® beacon
transceiver 106A, showing the radio map contour 632 and
the locations 634 of the MA 110/MWD 108 along the survey
path 610 (see FIG. 16) where the RSS samples were taken
and processed. As shown, the radio map is the highest in the
area 636 closest to the Bluetooth® beacon transceiver 106A
and becomes negligibly small in the area 638 furthest from
the Bluetooth® beacon transceiver 106A. Note that this
radio map is only based on the samples taken around the
perimeter of the survey path 610 and therefore is accurate
only in the neighborhood thereof.

[0239] The test results shown in FIGS. 17 and 18 indicate
that an exhaustive initial calibration covering the entire floor
space may not be necessary. Rather, it may be sufficient for
an initial calibration to build a radio map of the entire floor
space by using a simple survey path with partial coverage of
the floor space and a suitable kernel with the above-de-
scribed kernel interpolation method. The so-built radio map
at the locations where no samples were taken is usable even
though it may not be highly accurate. The accuracy of the
radio map may be later improved during the crowd-sourced
maintenance calibration mode, which may be conducted in
parallel with MA/MWD tracking. Therefore, the MLS 100
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disclosed herein exhibits an advantage that the effort
required for the initial calibration is significantly lowered.
[0240] Once the initial calibration of the radio map has
been completed, the maintenance calibration mode is
started. FIG. 19 shows an example.

[0241] FIG. 19 shows a MLS system 100 in some alter-
native embodiments. As shown, the MLS system 100 com-
prises a plurality of ImDs 104 and a plurality of reference
wireless communication devices 106 such as Wi-Fi® APs
deployed in a site 102. A processing server 120 is in
communication with the ImDs 104 and Wi-Fi® APs 106. In
this example, an initial RSSM calibration has been con-
ducted and one or more radio maps have been built.
[0242] A plurality of MAs 110A and 110B are movable in
the site 102. The three MAs 110A each carries a MWD 108.
The MA 110B does not carry any MWD. The ImDs 104
track the MAs 110A and 110B. When a MA 110A or 110B
is isolated and not occluded in the images captured by an
ImD 104, the isolation of the MA 110A or 110B then triggers
a crowd-sourcing opportunity event. The APs 106 obtain
RSS observables and send the obtained RSS observables to
the processing server 120. The processing server 120 com-
putes the MWD trajectories and correlates them with the
trajectory estimates of the MAs 110.

[0243] If the MA (such as one of the MAs 110A) that
triggered the crowd-sourcing opportunity event has a tra-
jectory sufficiently correlated with a MWD trajectory, then
a maintenance calibration is conducted by using the RSS
observables of the correlated MWD for updating the one or
more radio maps.

[0244] If, however, the trajectory of the MA (such as the
MA 110B) that triggered the crowd-sourcing opportunity
event does not sufficiently correlate with any MWD trajec-
tory, the crowd-sourcing opportunity event is dismissed.
[0245] As described above, in some embodiments, if the
MA (such as one of the MAs 110A) that triggered the
crowd-sourcing opportunity event has a trajectory suffi-
ciently correlated with a MWD trajectory, then the process-
ing server 120 further obtains the radio-map weight W, ; at
the location of the MA 110A from the relevant radio map
(see FIG. 17), and checks whether or not the radio-map
weight W,  is sufficiently large such as greater than a weight
threshold. If the radio-map weight W, _ is sufficiently large,
a maintenance calibration is conducted by using the RSS
observables of the correlated MWD for updating the one or
more radio maps. Otherwise, the crowd-sourcing opportu-
nity event is dismissed.

[0246] In some embodiments, if the processing server 120
determines that during the maintenance calibration, only a
small number of MAs 110 can be associated with MWDs
108 with sufficient PoA, then the processing server 120
determines that the parameters or coefficients of the RSSMs
have become outdated and a deliberate calibration of the
RSSMs is required.

[0247] In above embodiments, the MLS system 100 uses
a single MA 110 and a single MWD 108 in the site 102 for
initial RSSM calibration. However, those skilled in the art
will appreciate that the initial RSSM calibration, as well as
the deliberate calibration, only requires one or more pairs of
associated MA 110 and MWD 108 (each with a PoA
sufficiently high but not necessarily being one) that their
associations are known throughout the calibration process.
For example, in some embodiments, a MA 110 may com-
prise a unique, visual pattern that is always visible to at least
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one ImD 104. The MA 110 carries a MWD 108 having a
unique identifier that is detectable and associated with the
RSS observables of the MWD 108. The association between
the MA 110 and MWD 108 is then always known to the
MLS system 100. When the MLS system 100 has detected
the MA 110 and MWD 108 and determines that an initial or
deliberate RSSM calibration is required, the MLS system
100 may instruct the MA 110 to travel along a survey path
in the site to conduct the calibration. As long as the asso-
ciation between the MA 110 and MWD 108 is maintained
through the calibration period, the calibration generally
would not be interfered by other MAs 110 and MWD 108 in
the site 102.

[0248] Those skilled in the art will appreciate that the
above described methods may be implemented in any suit-
able ways. For example, in various embodiments, the above
described methods may be implemented as one or more
firmware programs, one or more software programs, or a
combination thereof. In some embodiments, the above
described methods may be implemented as one or more
electrical circuits.

[0249] Although embodiments have been described above
with reference to the accompanying drawings, those of skill
in the art will appreciate that variations and modifications
may be made without departing from the scope thereof as
defined by the appended claims.

What is claimed is:

1. A system for tracking at least one mobile object in a
site, the system comprising:

one or more imaging devices each capturing images of at

least a portion of the site;
one or more reference wireless devices;
one or more mobile wireless devices (MWDs) in wireless
communication with the one or more reference wireless
devices via one or more wireless signals, each of the
one or more MWDs being associated with one of the at
least one mobile object, and movable therewith; and

at least one processing structure functionally coupled to
the one or more imaging devices, the one or more
reference wireless devices, and the one or more
MWDs, the at least one processing structure acting for:

maintaining one or more received signal strength models
(RSSMs) of the site for the one or more wireless
signals;

obtaining received signal strength (RSS) observables of

the one or more wireless signals; and

tracking the at least one mobile object by combining the

captured images, the obtained RSS observables, and the
one or more RSSMs.

2. The system of claim 1 wherein each of the one or more
RSSMs is any one or a combination of a parametric RSSM
and a nonparametric RSSM, and wherein each nonparamet-
ric RSSM comprises a radio map of the site for one of the
one or more wireless signals.

3. The system of claim 1 wherein said tracking the at least
one mobile object comprises:

detecting the at least one mobile object based on the

captured images;
determining a trajectory for each of the detected at least
one mobile object based on the captured images;

determining a trajectory for each of the one or more
MWDs based on the obtained RSSM observables and
the one or more RSSMs; and
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associating each of the one or more MWDs with one of
the detected at least one mobile object if a probability
of association (PoA) between the trajectory of the
MWD and the trajectory of the mobile object is greater
than a threshold.

4. The system of claim 3 wherein said determining the
trajectory for each of the detected at least one mobile object
based on the captured images comprises:

determining the trajectory for each of the detected at least

one mobile object using a Bayesian model based on the
captured images.

5. The system of claim 3 wherein the system comprises a
plurality of imaging devices, at least a first and a second ones
of the plurality of imaging devices are respectively associ-
ated with two main field of view (FOV) areas, and the two
main FOV areas are non-overlapped with an estimation area
therebetween; and wherein said determining the trajectory
for each of the detected at least one mobile object based on
the captured images comprises, for each of the detected at
least one mobile object:

calculating the position of the mobile object by projecting

the mobile object from a plane of the captured images
into a coordinate system of the site;

if the calculated position of the mobile object is within the

estimation area, recalculating the position of the mobile
object by using a spatial interpolation method; and
determining the trajectory for the mobile object.

6. The system of claim 1 wherein the at least one
processing structure further acts for:

updating the one or more RSSMs using the location of the

mobile object and the RSS observables of the MWD,
after associating one of the one or more MWDs with
one of the at least one mobile object.

7. The system of claim 6 wherein the at least one
processing structure further acts for:

identifying, from the at least one mobile object and the

one or more MWDs, at least one pair of associated
mobile object and MWD movable in the site, said
association between each of the at least one pair of
associated mobile object and MWD being maintained
through a calibration period; and

building the one or more RSSMs based on the locations

of the identified mobile objects and the RSS observ-
ables of the identified MWDs.

8. The system of claim 7 wherein said identifying at least
one pair of associated mobile object and MWD comprises:

allowing only one of the at least one mobile object

movable in the site, one of the one or more MWDs
being associated with said only one mobile object and
movable therewith.

9. The system of claim 7 wherein the at least one
processing structure further acts for:

moving said identified at least one pair of associated

mobile object and MWD in the site along a survey path.

10. The system of claim 9 wherein the site is partitioned
into a two-dimensional (2D) matrix of grid points; and
wherein the at least one processing structure further acts for:

calculating a set of location weights using a Gaussian

kernel and the location of the mobile object;
calculating a radio-map weight matrix using the calcu-

lated set of location weights, each radio-map weight

being associated with a location of the site; and
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calculating a radio-map value matrix using the obtained
RSSM observables obtained at the location of the
mobile object.

11. The system of claim 10 wherein said updating the one
or more RSSMs using the location of the mobile object and
the RSS observables of the MWD comprises:

updating the one or more RSSMs using the location of the

mobile object and the RSS observables of the MWD if
the radio-map weight associated with the location of
the mobile object is greater than a weight-acceptance
threshold.

12. A method of tracking at least one mobile object in a
site, the method comprising:

maintaining one or more received signal strength models

(RSSMs) of the site for one or more wireless signals
transmitted between one or more mobile wireless
devices (MWDs) and one or more reference wireless
devices, each of the one or more MWDs being asso-
ciated with one of the at least one mobile object and
movable therewith;

obtaining received signal strength (RSS) observables of

the one or more wireless signals;

capturing images of at least a portion of the site; and

tracking the at least one mobile object by combining the

captured images, the obtained RSS observables, and the
one or more RSSMs.

13. The method of claim 12 wherein each of the one or
more RSSMs is any one or a combination of a parametric
RSSM and a nonparametric RSSM, and wherein each non-
parametric RSSM comprises a radio map of the site for one
of the one or more wireless signals.

14. The method of claim 12 wherein said tracking the at
least one mobile object comprises:

detecting the at least one mobile object based on the

captured images;
determining a trajectory for each of the detected at least
one mobile object based on the captured images;

determining a trajectory for each of the one or more
MWDs based on the obtained RSSM observables and
the one or more RSSMs; and

associating each of the one or more MWDs with one of

the detected at least one mobile object if a probability
of association (PoA) between the trajectory of the
MWD and the trajectory of the mobile object is greater
than a threshold.

15. The method of claim 14 wherein said determining the
trajectory for each of the detected at least one mobile object
based on the captured images comprises:

determining the trajectory for each of the detected at least

one mobile object using a Bayesian model based on the
captured images.

16. The method of claim 14 wherein said determining the
trajectory for each of the detected at least one mobile object
based on the captured images comprises, for each of the
detected at least one mobile object:

calculating the position of the mobile object by projecting

the mobile object from a plane of the captured images
into a coordinate system of the site;

determining if the calculated position of the mobile object

is within an estimation area between two non-over-
lapped main field of view (FOV) areas;

if the calculated position of the mobile object is within the

estimation area, recalculating the position of the mobile
object by using a spatial interpolation method; and
determining a trajectory for the mobile object.
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17. The method of claim 12 further comprising:

updating the one or more RSSMs using the location of the

mobile object and the RSS observables of the MWD,
after associating one of the one or more MWDs with
one of the at least one mobile object.

18. The method of claim 17 further comprising:

identifying, from the at least one mobile object and the

one or more MWDs, at least one pair of associated
mobile object and MWD movable in the site, said
association between each of the at least one pair of
associated mobile object and MWD being maintained
through a calibration period; and

building the one or more RSSMs based on the locations

of the identified mobile objects and the RSS observ-
ables of the identified MWDs.

19. The method of claim 18 wherein said identifying at
least one pair of associated mobile object and MWD com-
prises:

allowing only one of the at least one mobile object

movable in the site, one of the one or more MWDs
being associated with said only one mobile object and
movable therewith.

20. The method of claim 18 further comprising:

moving said identified at least one pair of associated

mobile object and MWD in the site along a survey path.
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