A POSITIONING SYSTEM BASED ON AN IMAGE CAPTURING MODULE WITHIN A
RECEIVER

Field of the Application

This application relates to a system for determining a location of a receiver in an
enclosed space whereby its location is obtained based on information associated with at least
three transmitters that are provided within the enclosed pace. In particular, once the images
of the transmitters are captured by an image capturing module provided within the receiver,
the receiver is configured to process the captured image and based on the outcome of this

process, determine its location in the enclosed space.
Background

It is challenging to implement an indoor positioning system as compared to an outdoor
positioning system because indoor systems have relatively high accuracy requirements (<1
m). Futhermore, indoor positioning systems do not have dedicated infrastructure to support
beacons for transmission of signals for positioning unlike outdoor positioning systems which

may rely on GPS and its equivalent signals for outdoor positioning.

To address this problem, those skilled in the art have proposed the use of a system
that employs a rolling shutter method such as a Luxapose system. In this system, a light
emitting diode (LED) light is configured to switch on and off rapidly (e.g. around 200Hz) at a
speed that is not noticeable by the human eye. However, when this image is captured by a
camera, it may appear like a fringe pattern. This occurs because the CMOS sensors in a
camera scans images column-by-column. As such, when the light sources generate different
on/off signals, different fringe patterns can be captured by the camera. By exploiting this

property, different light sources may then be identified.

Unfortunately, when the light sources are located further away from the camera, the
light sources become blur due to the camera’s limited focal length. When this happens, the
captured patterns may become unclear. Additionally, this system typically requires three or
more beacons (ideally at least four) to be captured individually by the camera. In other words,
all the beacons have to be within the field of view (FoV) of the camera in order for this to

happen. Due to the limited field of view of the camera, this condition may not be easily satisfied

Those skilled in the art have also proposed that the system above may be improved
through the use of LEDs that have sufficiently large surface areas, e.g. LEDs that have a

diameter of 17.5 cm and an output power of 18 W. This is to ensure that the LEDs may be



clearly seen by the camera. However, due to the limited FoV of the camera, this increase in
the diameter of the LEDs are problematic as the entirety of the LEDs may not be captured by
the camera. Another issue associated with this approach is that the camera’s design has to
be more complex as image processing techniques have to be employed to extract the required
information from the fringe pattern. Furthermore, the camera would have to cater for various
scenarios such as when the camera is far away from the light source, the captured image
would be compressed causing the fringes to become close together. Further, if the image is

out of the camera’s focus, it may be even more difficult for the camera to process these fringes.

In yet another method proposed by those skilled in the art, the proposed method
requires a camera to capture an image of a reference light source and subsequently find five
reference points on the captured image. However, this method will only work if the light source
is always in the camera’s focus and will not work if the image is out of focus. As expected, this
method requires a more complicated image processing technique and also assumes that the
azimuth angle between the global coordinate system and the camera’s coordinate system is

known.

For the above reasons, those skilled in the art are constantly looking for a camera
positioning system that does not require a complex camera/receiver, utilizes a simple low-cost

transmitter design whereby communication links between the transmitters are not required.
Summary

The above and other problems are solved and an advance in the art is made by the

apparatus and methods provided by embodiments in accordance with the application.

A first advantage of the embodiments of the application is that the application may
utilize existing smartphones as the receiver of the system without any hardware modifications

being made to the smartphone.

A second advantage of embodiments of the application is that the application uses a
simple angle of arrival (AOA) method, rather than complicated image processing techniques,

to compute the receiver’s position.

A third advantage of the embodiments of the application is that the transmitters are
standalone and two-way communication means are not required to be set up and maintained
between the transmitters and the receiver thereby simplifying the implementation of the

system.



A fourth advantage of the embodiments of the application is that the main larger
transmitter in the arrangement may utilize existing lighting means in a room, e.g. a room’s
existing lighting source, and does not require major hardware modifications to be made to the
existing lighting means. Further, through the use of existing light means, this implies that users
of the application will not be distracted by the introduction of unsightly additional light sources

in the enclosed space.

A fifth advantage of embodiments of the application is that once the main transmitter
has been detected by the receiver, the secondary smaller transmitter in the arrangement may

then easily be subsequently detected as its position would be adjacent the main transmitter.

A sixth advantage of the embodiments of the application is that the transmitter
arrangement is distinguishable from its mirror image and hence, avoids false identification of

transmitters.

The above advantages are provided by embodiments of a device and method in

accordance with the application operating in the following manner.

According to a first aspect of the application, a module provided within a receiver for
determining a location of the receiver in an enclosed space is disclosed, the module
comprising: an image capturing module configured to capture an image of at least two
transmitters that are provided within the enclosed space; and a processing module configured
to: generate a rotational matrix based on measurements obtained from a pre-calibrated inertial
measurement unit (IMU) provided within the receiver; identify, from the captured image, a
unique arrangement associated with the at least two transmitters whereby the unique
arrangement is used to determine locations of each of the transmitters in the enclosed space;
for each of the transmitters, compute AOA via a line of sight (LOS) unit vector from the receiver
to a location of the transmitter on an image plane of the image capturing module based on the
location of the transmitter on the image plane and based on a focal length of the image
capturing module; convert the LOS unit vectors from the receiver's coordinate system to a
global coordinate system using the rotational matrix; and estimate the location of the receiver
using a maximum-likelihood estimate scheme, the locations of each of the transmitters, and

the LOS unit vectors associated with each of the transmitters.

With regard to the first aspect of the application, at least two transmitters comprise a

first transmitter that is larger in size than a second transmitter.



With regard to the first aspect of the application, the first transmitter comprises a
transmitter configured to emit a monochromatic light, and the second transmitter being

configured to emit a coloured light.

With regard to the first aspect of the application, the processing module being
configured to identify the unique arrangement associated with the at least two transmitters
comprises the processing module being further configured to: determine, from a database
communicatively linked to the module, an arrangement of transmitters that match with the
identified unique arrangement associated with the at least two transmitters, and obtain from

the database, locations of all the transmitters in the determined arrangement of transmitters.

With regard to the first aspect of the application, each LOS unit vector representing

AOA from the receiver to a transmitter is defined as:

0= %4
14
where V = (x, y, z), z is defined as the focal length of the image capturing module, and x and
y define the location of the transmitter on an image plane of the image capturing module with
regard to the centre of the image plane.

With regard to the first aspect of the application, the maximum-likelihood estimate

scheme comprises a least square method.

According to a second aspect of the application, a method for determining a location
of a receiver in an enclosed space using a module provided within a receiver is disclosed, the
method comprising: capturing, using an image capturing module provided within the module,
an image of at least two transmitters that are provided within the enclosed space; generating,
using a processing module provided within the module, a rotational matrix based on
measurements obtained from a pre-calibrated inertial measurement unit (IMU) provided within
the receiver; identifying, using the processing module, from the captured image, a unique
arrangement associated with the at least two transmitters whereby the unique arrangement is
used to determine locations of each of the transmitters in the enclosed space; computing,
using the processing module, for each of the transmitters, an angle of arrival (AOA) as a line
of sight (LOS) unit vector from the receiver to a location of the transmitter on an image plane
of the image capturing module based on the location of the transmitter on the image plane
and based on a focal length of the image capturing module; converting, using the processing

module, the LOS unit vectors from the receiver’s coordinate system to a global coordinate



system using the rotational matrix; and estimating, using the processing module, the location
of the receiver using a maximume-likelihood estimate scheme, the locations of each of the

transmitters, and the LOS unit vectors associated with each of the transmitters.

With regard to a second aspect of the application, the at least two transmitters

comprise a first transmitter that is larger in size than a second transmitter.

With regard to a second aspect of the application, the first transmitter comprises a
transmitter configured to emit a monochromatic light, and the second transmitter being

configured to emit a coloured light.

With regard to a second aspect of the application, the identifying the unique
arrangement associated with the at least two transmitters further comprises: determining, from
a database communicatively linked to the module, an arrangement of transmitters that match
with the identified unique arrangement associated with the at least two transmitters, and
obtaining from the database, locations of all the transmitters in the determined arrangement

of transmitters.

With regard to a second aspect of the application, each LOS unit vector from the

receiver to a transmitter is defined as:

D= /4
14
where V = (x, y, z), z is defined as the focal length of the image capturing module, and x and
y define the location of the transmitter on an image plane of the image capturing module with
regard to the centre of the image plane.

With regard to a second aspect of the application, the maximume-likelihood estimate

scheme comprises a least square method.

Brief Description of the Drawings

The above advantages and features in accordance with this application are described

in the following detailed description and are shown in the following drawings:

Figure 1 illustrating a process carried out by a receiver to determine a position of the

receiver in accordance with embodiments of the application;



Figure 2 illustrating a block diagram representative of transmitters in accordance with

embodiments of the application; and

Figure 3 illustrating the receiver’s perspective camera model based on the receiver’s

coordinate system in accordance with embodiments of the application;
Detailed Description

The present application will now be described in detail with reference to several
embodiments thereof as illustrated in the accompanying drawings. In the following description,
numerous specific features are set forth in order to provide a thorough understanding of the
embodiments of the present application. It will be apparent, however, to one skilled in the art,
that embodiments may be realised without some or all of the specific features. Such
embodiments should also fall within the scope of the current application. Further, certain
process steps and/or structures in the following may not have been described in detail and the
reader will be referred to a corresponding citation so as to not obscure the present application

unnecessarily.

Further, one skilled in the art will recognize the receiver may comprise of many
functional units such as an image capturing module, a processing module and/or an inertial
measure unit that may be labelled as modules/units throughout the specification. The person
skilled in the art will also recognize that a module may be implemented as circuits, logic chips
or any sort of discrete component and that the receiver may be made up of many different
modules. Still further, one skilled in the art will also recognize that a module may be
implemented in software which may then be executed by a variety of processors. In
embodiments of the application, a module may also comprise computer instructions or
executable code that may instruct a computer processor to carry out a sequence of events
based on instructions received. The choice of the implementation of the modules is left as a
design choice to a person skilled in the art and does not limit the scope of this application in

any way.

Figure 1 sets out an exemplary flowchart of process 100 for capturing images of
transmitters using an image capturing module provided within a receiver and determining the
receiver’s position based on the identified transmitters in accordance with embodiments of the
application. Process 100 which is performed by a module provided within a receiver comprises
an image capturing module and a processing module both being configured to carry out the

following steps:



Step 105: capture image of transmitters;
Step 110: obtain a reading from an inertial measurement unit (IMU);

Step 115: generate a rotational matrix from measurements taken from the IMU to

convert from a receiver’s coordinate system to a global coordinate system;
Step 120: determine positions of transmitters in the captured images;

Step 125: determine AOAs as line of sight vectors pointing from the receiver to the
transmitters and align the line of sight vectors using the rotational matrix obtained in
step 115;

Step 130: identify transmitters based on colours and/or positions of transmitters;
Step 135: determine positions of the transmitters in the global coordinate system; and
Step 140: determine a location of the receiver.

In general, the system for determining a location of a receiver in an enclosed area such
as a room, comprises of a module provided within the receiver whereby the module further
comprises an image capturing module, and a processing module. The system also includes
at least two transmitters that are provided within the enclosed area. In embodiments of the
application, the transmitters are standalone and do not need to be synchronized or
communicatively linked to the receiver and are attached to an upper surface of a room, such
as the ceiling or the upper part of a wall. Additionally, the main transmitter in the arrangement
may comprise existing lighting means for the enclosed area such as, but not limited to, light
emitting diodes (LEDs), light bulbs, spotlights, and any other light sources. By using existing
lighting means, this avoids the need for unsightly light transmitters to be installed within the

enclosed space.

An exemplary block diagram of the transmitters are illustrated in Figure 2. Figure 2
illustrates transmitter 205 which may comprise a light emitting diode (LED) and two other
transmitters 210 and 215 which may comprise smaller LEDs (relative to transmitter 205). In
embodiments of the application, transmitter 205 may also comprise a white LED while
transmitters 210 and 215 may comprise coloured LEDs. One skilled in the art will recognize
that transmitter 205 may comprise of any monochromatic coloured LED without departing from
the application. The difference in sizes between transmitter 205 and transmitters 210, 215
ensures that mirror images of these transmitters are distinguishable. It should also be noted

that the arrangement of the transmitters relative to each other and the colour combinations of



these transmitters may be used to differentiate the various transmitter arrangements from
each other. For example, when three (3) different transmitters are used, this implies that there
could be 72types of different transmitter arrangements (i.e. the number ‘7’ is derived from the
8 states in which a coloured transmitter (e.g. RGB LED) maybe set, with the “all switched off”
state being removed from the 8 states, while the number ‘2’ refers to the number of coloured
transmitters (where the third transmitter is configured to emit a monochrome colour). One
skilled in the art will also recognize that at the minimum, two transmitters are required and any
additional number of transmitters may be added to the system without departing from the
application. Additionally, the detection of the main transmitter 205 in the image helps narrow
down the search space in the image for either transmitter 210 or 215 as transmitters 210

and/or 215 would be provided adjacent to transmitter 205, in the arrangement.

Transmitters 205, 210 and 215 may be configured to output a constant light intensity
or if required, they may be configured to transmit information about their locations by adding
a driver to one of the transmitters so that visible light communication schemes may be added
to control the intensity of the transmitter’s emitted light. In embodiments of the application, the

driver may be added to the largest of the three transmitters, i.e. transmitter 205.

In embodiments of the application, transmitter 205 may comprise a monochromatic
light emitted LED such as a white LED that consumes around 5 Watts and this LED may be
used for illumination and as an anchor for positioning. As for transmitters 210 and/or 215,
these coloured LEDs are always ON and typically comprise common low-powered LEDs which

consume around 60 mW each, and typically have wide viewing angles, e.g. around 120°.

In embodiments of the application, the receiver may comprise, but is not limited to, a
typical smartphone having an inertial measurement unit (IMU) module, and the image
capturing module may comprise a front facing camera and/or a rear facing camera of the
smartphone. The IMU module comprises an electronic device that measures and reports a
force applied to the smartphone, the smartphone’s angular rate and orientation and this is
usually accomplished using a combination of accelerometers, gyroscopes and/or
magnetometers. The detailed working of the IMU module is omitted for brevity as its detailed

workings are known to one skilled in the art.

With reference to Figure 1, process 100 illustrates a process for capturing images of
transmitters attached to an upper surface of a room and for determining a receiver’s position

in the room based on the images of the identified transmitters. Process 100 may be carried



out using an image capturing module and/or a processing module that are both provided within

the module in the receiver.

Process 100 begins at step 105. At this step, process 105 will first capture the image
of the transmitters. The image capturing module within the receiver may be set to have a
shutter speed of at least 1/8000 seconds or faster so that the captured image’s quality may
be retained even though the receiver is not maintained at a static position when the images of
the transmitters are captured. With this shutter speed, this also ensures that other objects
surrounding the transmitters would not be captured as they would appear blurry and dim in
the captured image. In embodiments of the application, the 1ISO of the camera will be set to a
low range, between 50-100 so that the transmitters would stand out from the background of

the captured image.

Process 100 then proceeds to step 110 whereby the readings from the receiver's IMU
which has been pre-calibrated with the receiver are obtained. In embodiments of the
application, readings such as, but not limited to, the receiver’'s angular rate and orientation
may be obtained from the IMU at this step. At the next step, i.e. step 115, process 100 will
then generate a rotational matrix from the readings obtained from the IMU. The rotational
matrix is required as it will be used to transform a vector that is defined in the receiver's
coordinate system to a vector that is defined in the global coordinate system, i.e. the room’s
coordinate system. In embodiments of the application, the rotational matrix may be set up and

obtained directly from measurements generated by the receiver's IMU.

As mentioned above, the rotational matrix may be used to convert a receiver's
coordinate system to a room’s coordinate system and this matrix typically comprises of three
components: roll, pitch and yaw. Roll and pitch can be obtained from an accelerometer
provided within the receiver while yaw can be obtained from a magnetometer provided within
the receiver. A line of sight (LOS) vector representing AOA ,obtained between the receiver
and a transmitter may be rotated using this rotational matrix and the details of this rotation is

omitted for brevity as it is known to one skilled in the art .

Magnetometer readings can be affected by local magnetic disturbances from
surrounding metal objects in the room. As such, in accordance with embodiments of the
application, only the accelerometer in the receiver may be used to compute the roll and pitch
component of the rotational matrix. In such a scenario, When a LOS vector is rotated using
such a rotational matrix, it will not be aligned in the yaw dimension. Hence a grid search over

the full range of yaw i.e. 0~2*pi, is done one as part of receiver position computation. For each
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value of yaw that is selected from a fine grid from 0~2*pi, the receiver position and the
residuals are computed whereby the solution that produces the least sum square of residuals
is selected as the final position. The least squares method is used as the maximum-likelihood

estimate scheme to arrive at a close approximation of the final position

At step 120, process 100 will then determine the positions of the transmitters relative
to each other in the captured image. Process 100 will search through the captured image to
identify points within the image that may comprise transmitters associated with the system. In
embodiments of the application, this may be done by comparing the arrangement of the
identified points in the captured image with images of known transmitter configurations or
unique transmitter arrangements as contained within a preloaded database provided within
the receiver. This database may also be located on a server or a remote database and the
receiver may be configured to exchange information with this database either through wireless
communication means or wired communication means. Once the transmitters have been

identified in the captured image, process 400 then proceeds to step 125.

At this step, process 100 will determine angle of arrivals as LOS unit vectors that are
pointing from the receiver to each of the transmitters. It should be noted that these vectors
will initially be based on the receiver’s coordinate system and will have to be transformed
thereafter to the global coordinate system and this may be done using the rotational matrix
previously described above. (Note that it is assumed that receiver is aware of the intrinsic
rotation between the IMU and the image capturing module inside the receiver, and this intrinsic
rotation is taken into account for in the total rotation between the receiver’s coordinate system

and the global coordinate system)

With reference to Figure 3, a LOS vector in the receiver’s coordinate system is defined
as a vector from the focal point of the receiver (i.e. from the focal point of the image capturing
module) to the location of transmitter 320 on image plane 310. As such, coordinates (x, Y)
represent the location of transmitter 320 at image plane 310 with respect to the centre (Cy, Cy)
of image plane 310. As the focal length of the receiver to image plane 310 is known (i.e. this
parameter is an intrinsic parameter of the receiver), the LOS vector to transmitter 320 in the
receiver’'s coordinate system may be defined as V = (x, y, z). The LOS vector may then be

normalized to produce a unit vector,V defined as:

ooV
4

Where |V| is the norm of V.
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One skilled in the art will recognize that the computations used to generate the LOS
unit vector for transmitter 320 may be similarly applied to obtain the LOS unit vectors for other

transmitters, e.g. transmitters 205, 210 and 215, without departing from the application.

The rotational matrix is then applied to these LOS unit vectors to convert the LOS unit
vectors that were defined in the receiver’s coordinate system to a vector that is defined in the

global coordinate system, i.e. the room’s coordinate system.

Process 100 then proceeds to step 130 whereby based on the colours and
positions/arrangements of the transmitters (relative to each other), process 100 will then
determine the locations of the transmitters in the global coordinate system at step 135. The
positions of these transmitters will be based on the global or the room’s coordinate system. In
embodiments of the application, the receiver will be preloaded with a database that contains
all the transmitter configurations (i.e. their arrangements and colour combinations) along with
each transmitter’s associated location in the room. For example, for transmitter configuration
200 as illustrated in Figure 2, transmitter 205 may be associated with a particular (x4, y1, z1)
location, transmitter 210 may be associated with a particular (x2, y2, z2) location, and
transmitter 215 may be associated with a particular (xs, ys, z3) location whereby these locations
are all based on the room’s coordinate system. In other embodiments of the application, the
transmitters may be configured to broadcast their locations to the receiver through wireless

communications means such as, but not limited to, Bluetooth, WI-Fi and/or cellular networks.

Once the locations of the transmitters in the global coordinate system have been
determined, process 100 then proceeds to step 140 to determine the position of the receiver
in the global coordinate system by estimating the position of the receiver based on a
maximum-likelihood estimate scheme that is computed using the LOS unit vectors and the
locations of the transmitters. In embodiments of the application, the estimated position of the
receiver may be obtained using a least squares method to solve the LOS unit vectors to arrive

at a maximum-likelihood estimate of the position of the receiver.

In other words, if V,,5 is a LOS unit vector from the receiver to transmitter 205 whereby
the location tas = (X205, Y205, Z205) Was obtained from the previous step, if 1,4, is a LOS unit
vector from the receiver to transmitter 210 whereby the location t210 = (X210, Y210, Z210) Was
obtained from the previous step and if 1,5 is a LOS unit vector from the centre of the receiver
to transmitter 215 whereby the location t215 = (X215, Y215, Z215) was obtained from the previous
step, the estimated position of the receiver can be obtained by using a maximum-likelihood

estimate scheme with the values above. A maximum-likelihood estimate scheme that may be
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used comprises, but is not limited to, a least squares method or any other similar
nonlinear/linear regression methods. The detailed working of the maximum-likelihood
estimate scheme is omitted for brevity as its detailed workings are known by one skilled in the
art. .

Further, one skilled in the art will recognize that the steps in process 100 are

interchangeable and are not limited to the sequence illustrated in Figure 1.
Step 140 is best explained using the following example.

For example, assume that ‘Z’ is defined as the unknown location of the receiver in a
room having three transmitters T4, T2, and Ts,, and that ti, t;, and t; are the locations of
transmitters T4, T», and T3, respectively in the global coordinate system, V;, V,, V; are the LOS
unit vectors pointing from the receiver to transmitters T4, T2, and T3, respectively in the global
coordinate system and that rq, r, and rz are the unknown distances from the receiver to

transmitters T4, T2, and T3, respectively. As such, the following may be defined:
ty=z+ ")
cty—z=r-0
Due to the fact that t1, z and 171 are in the same plane,
(ty —2)xV; =0,

This equation is valid as its cross product function will be zero in the absence of measurement

noise. It is useful to note that ‘x’ refers to a cross product function.
Hence, when the equation is rearranged, this results in:
tl X ‘71 =z X Vl

Hence, for transmitter T1,a; = B, - z where a1 is an output of a vector product fort; x V;, while

B, - z is a vector product b; X z, where B, is a transpose of a skew symmetric matrix of V;,

For transmitter T, a, = B, - z, where a is an output of a vector product for t, x ,, while B, - z

is a vector product b, X z, where B, is a transpose of a skew symmetric matrix of 7,,

For transmitter T3, a; = Bs - z. where as is an output of a vector product for t; x V5, while B; - z

is a vector product b; x z, where B is a transpose of a skew symmetric matrix of ;.
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a, B,
Based on the above A = |az|; B = | B,|.
as B

Hence when A = B - z, the resulting location of the receiver, z, may be obtained from the least
squares estimate as z = inverse(B’ - B) - B' - A, where inverse( ) is an inverse matrix and B’ is

a transpose of B.

The above is a description of embodiments of a system and a method in accordance
with the present application as set forth in the following claims. Whilst certain features of the
application have been illustrated and described herein, many modifications, substitutions,
changes and equivalents will now occur to those of ordinary skill in the art. It is therefore to be
understood that the appended claims are intended to cover all such modifications and changes

as fall within the true spirit of the application.
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CLAIMS:

1. A module provided within a receiver for determining a location of the receiver in an
enclosed space, the module comprising:
an image capturing module configured to capture an image of at least two
transmitters that are provided within the enclosed space; and

a processing module configured to:

generate a rotational matrix based on measurements obtained from a
pre-calibrated inertial measurement unit (IMU) provided within the receiver;

identify, from the captured image, a unique arrangement associated
with the at least two transmitters whereby the unique arrangement is used to
determine locations of each of the transmitters in the enclosed space;

for each of the transmitters, compute an angle of arrival (AOA) as a line
of sight (LOS) unit vector from the receiver to a location of the transmitter on
an image plane of the image capturing module based on the location of the
transmitter on the image plane and based on a focal length of the image
capturing module;

convert the LOS unit vectors from the receiver’s coordinate system to a
global coordinate system using the rotational matrix; and

estimate the location of the receiver using a maximume-likelihood
estimate scheme, the locations of each of the transmitters, and the LOS unit
vectors associated with each of the transmitters.

2. The module according to claim 1 wherein the at least two transmitters comprise a first
transmitter that is larger in size than a second transmitter.

3. The module according to claim 2 whereby the first transmitter comprises a transmitter
configured to emit a monochromatic light, and the second transmitter being configured
to emit a coloured light.

4. The module according to claim 1 wherein the processing module being configured to
identify the unique arrangement associated with the at least two transmitters
comprises the processing module being further configured to:

determine, from a database communicatively linked to the module, an
arrangement of transmitters that match with the identified unique arrangement
associated with the at least two transmitters, and
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obtain from the database, locations of all the transmitters in the determined
arrangement of transmitters.

The module according to claim 1 wherein each LOS unit vector from the receiver to a
transmitter is defined as:

where V = (X, y, z), z is defined as the focal length of the image capturing module, and
x and y define the location of the transmitter on an image plane of the image capturing
module with regard to the centre of the image plane.

The module according to claim 1 wherein the maximume-likelihood estimate scheme
comprises a least square method.

A method for determining a location of a receiver in an enclosed space using a module
provided within a receiver, the method comprising:

capturing, using an image capturing module provided within the module, an
image of at least two transmitters that are provided within the enclosed space;

generating, using a processing module provided within the module, a rotational
matrix based on measurements obtained from a pre-calibrated inertial measurement
unit (IMU) provided within the receiver;

identifying, using the processing module, from the captured image, a unique
arrangement associated with the at least two transmitters whereby the unique
arrangement is used to determine locations of each of the transmitters in the enclosed
space;

computing, using the processing module, for each of the transmitters,

an angle of arrival (AOA) as a line of sight (LOS) unit vector from the

receiver to a location of the transmitter on an image plane of the image

capturing module based on the location of the transmitter on the image plane

and based on a focal length of the image capturing module;

converting, using the processing module, the LOS unit vectors from the
receiver’s coordinate system to a global coordinate system using the rotational matrix;
and

estimating, using the processing module, the location of the receiver using a
maximum-likelihood estimate scheme, the locations of each of the transmitters, and
the LOS unit vectors associated with each of the transmitters.
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The method according to claim 7 wherein the at least two transmitters comprise a first
transmitter that is larger in size than a second transmitter.

The method according to claim 8 whereby the first transmitter comprises a transmitter
configured to emit a monochromatic light, and the second transmitter being configured
to emit a coloured light.

The method according to claim 7 wherein the identifying the unique arrangement
associated with the at least two transmitters further comprises:

determining, from a database communicatively linked to the module, an
arrangement of transmitters that match with the identified unique arrangement
associated with the at least two transmitters, and

obtaining from the database, locations of all the transmitters in the determined
arrangement of transmitters.

. The method according to claim 7 wherein each LOS unit vector from the receiver to a

transmitter is defined as:
%4

P=—
14

where V = (X, y, z), z is defined as the focal length of the image capturing module, and

x and y define the location of the transmitter on an image plane of the image capturing

module with regard to the centre of the image plane.

The method according to claim 7 wherein the maximum-likelihood estimate scheme
comprises a least square method.



