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Indoor positioning systems are facing to the demand of large-scale industrial applications in
mobile robotics. It is still challenging to create an indoor positioning system that is easily embeddable,
accurate, robust and power efpcient. We constructed an easily embeddable, low-power optical sensor named
InLock without lens to localize a mobile robot indoors moving &0V s with an accuracy inferior to
10cmfor the position and Qrad for the heading by using only three photo-detectors (PDs) and two infrared
Light-Emitting Diodes (LEDs). (i) We modelled the optical sensor based on only three photo-detectors and
two infrared LEDs by taking into account radiometric properties. (ii) We constructed the optical sensor
by optimizing the geometry of the beacon and the receiver. (iii) We implemented and validated online
estimation algorithms for an operating range at a height uprtdyusing an extended Kalman blter and
a complementary blter. Our results showed that modelling the optical sensor so that it takes into account
radiometric properties and it optimizes the geometry of the beacon can enhance the accuracy of the indoor
positioning system.

Indoor positioning system, infrared light communication, LED, complementary Plter,
Kalman blter, robotOs localization.

accurate IPS for a mobile robot taking into account these
Global Positioning System (GPS) makes outdoors track-constraints?
ing and navigation reliable and easily embeddable for real- Literature survey shows that the most popular IPS are
time applications. However, in conbPned environments, GPSased on (i) Simultaneous Localization And Mapping
positioning and navigation are inaccurate due to the strondSLAM) [3], (ii) inertial sensors [4], [5] and (iii) signal
degradation of the satellite signals which are attenuated bgommunication by using emitters and receivers. The commu-
clouds, walls and obstructions [1]. The attenuated signahication signal changes in values as the receiver moves inside
provides an unsatisfactory accuracy of localization that led tathe indoor environment. For instance, the communication link
the development of Indoor Positioning Systems (IPS). Therecan be based on WiFi [6], Bluetooth Low Energy (BLE) [7],
are two classes of localization scheme using PD or imagdRadio Frequency Identibcation (RFID) [8] and Ultra Wide
sensor [2]. Accurate IPS presents multiple challenges such aBand (UWB) [9].
risk of collision, variations on lighting conditions, congestion  The studies reported in [10] and [11] have explored the sub-
of the building infrastructure and limitations on embedded ject of Indoor Visible Light Communication (VLC) technolo-
computer resources. How can we model and construct agies since visible light spectrum (3&®780nm) is freely

available. In VLC systems, the transmitter is usually a Light-

Emitting Diode (LED), which performs some additional

The associate editor coordinating the review of this manuscript andfunctions besides its primary use as a lighting source. Visible

approving it for publication was Ting Yarig. light LED-based IPS can estimate indoor position with the
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help of ceiling LED lamps acting as beacons [12]. How can a) oLED2 b)
we reach the standard level of accuracy of 20cm for the indoor
localization of the industrial Internet of Things by using a
LED-based IPS?

The main challenge for the LED-based IPS is to esti-

mate its own position from the optical signals received from »
the beacon. Any visible LED-based IPS aims at exploiting
the received signal characteristics. Received Signal Strength v/ : >
(RSS), Time of Flight (TOF) or Angle of Arrival (AOA) - {E} v
by using photodiodes (PD) or cameras are combined with & a) Perspective view of the sensing device. It is composed of 3

positioning algorithm [13), [14]. In [15] and [16], trilateration teCtLece oo s the experments. b Model o

and triangulation algorithms compute the position estimation the mobile robot. The vehicle®s body frame is shown in red and the earth
For optical communications in free space under ng andframe of refgren~ce is sh_own_ in black. The velocity in the x-direction is %

smoke conditions, ljaet al. showed that near infrared light 2" "¢ veMcleOs headingis t-

sources are the most robust wavelengths to link failure [17]. 13 cm

In [18], we proposed a minimalistic optical sensor without

lens that estimates the relative position between the sensor

and active markers using amplitude modulated infrared light.

We showed that the sensor was able to estimate the position

x andy at a distance of@with an accuracy as small asi

at a sampling rate of 100Hz. We implemented the sensor in

a position feedback loop for indoor robotic applications in ,

GPS-denied environment. _ ' ' 'nfrarefd LED 17kHz

e :i;]ii; consiructing a robust sensor for indoor pgs(i:rig?mfrared LEDs oronied n & specifc dreeton of emisaon,

ing range at a height up ton8 We also aim at reaching a ) )

positioning accuracy inferior to ténlimiting infrastructures ~ With useful mathematical properties. The latter allowed us

modibcations. We aim at using off-the-shelf PDs without lens© M0del the system as detailed in appendix B. The LEDs

instead of specibc PDs as proposed in [19]. The IPS aims fmita modulated infrared signal at twp d|§t|nct frequencies

accurately estimating the pose (position and orientation) of 42 = °kHz andfz = 17kHz. The receiver is composed of

robot in a set of critical areas such as near edges, near entrant¥ €€ Photodiodes P PDs and PLy organized in a plane

and exit of corridors using a Pxed beacon and a embeddefgnt-angle triangle. and mounted on the commercial_mobile
receiver while the repeated unit cells of LEDs debne therobot TurtleBot3. Figurdb) presents the mobile robot in top

visual light positioning system in [20], [21]. view. The vehicleOs body frarf@} is shown inred and the
In this paper, we modelled an optical sensor without lens;

earth frame of referendg} is shown inblack The velocity
based on only three PDs and two infrared LEDs by taking'n the x-direction isv and the vehicleOs heading isThe
into account radiometric properties. We constructed the opti-vehicleOs velocity g} is (veos( ), vsin( )).

cal sensor by optimizing the geometry of the beacon and

the receiver. Finally, we implemented and validated online”- INFRARED LIGHT BEACON

estimation algorithms for an operating range at a height up tol Ne beacon is composed of two infrared LEDs as presented

3mby using an extended Kalman blter and a complementaryn Fi9- 2. The LEDs Bicker at the frequenciés= SkHz and
blter. f, = 17kHz. Each LED is oriented in a speciPbc direction

of emission. The angle of emission of each LED provides
mathematical properties for the algorithm of position and

We constructed an optical sensor without lens that we called€ading estimations.
InLock by optimizing the geometry of the beacon and the
receiver. B. INFRARED LIGHT RECEIVER

The system overview is presented in Fig.Figurel1a)  The infrared light receiver is composed of only three pixels
describes the system conbguration with one beacon. Theithout optics as shown on Fig. It measures the demodu-
beacon is composed of two infrared LEDs: LED 1 and LED lated infrared signals. It provides an analog signal which is
2. Lens can introduce strong distortions on the LED emissiorthe input for the digital processing.
patterns that would add complexity to the overall system,
as seen in [22]. To simplify the system, instead of using alll. SYSTEM MODEL
lens, each LED was placed behind an optical diffuser. OpticaMWe modelled an optical sensor based on only three PDs
diffuser is cheaper than lens, simpler to use, and homogenizand two infrared LEDs by taking into account radiometric
the emission pattern to a smooth Gaussian emission pattenoroperties.
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PDg a) b)
‘x
A \LED2
Pc “‘\‘
19 cm \
“'\‘ ‘..‘.DPL).l =~ Dpp,2
PD
A 4 Cm Y

Picture of the infrared light receiver. It is composed of only
three pixels without optics. It is embedded on the commercial mobile
robot TurtleBot3.

PD

Computer Aided Design of the beacon. a) The distance
@ between the LEDs is 4 cm. b) Since the distance between the beacon and

photodiode| analog the receiver is greater than 3 m, we assume that Dpp 1! Dpp,».
D ’ reception _’demodulation_"/;D’i
~LPD,i
Noz o a) $ee b)Lep2 472
ZLi P
PD,i GPD;\
O 0
El YE -T=E E YE I=E
Q"‘/Po,i
Photodiode PD
Side view of the optical wireless channel model. The model ={E} )
gives a nonlinear expression of the voltage amplitude Vpp,i for each N{E} N2
frequency f;. It depends on the angle of emission "ED . the angle of Y1 >0 1 Y2 <0
reception "F}?Di and the distance Dpp ; from the beacon to the

photodiode. lllustration of the direction of emission of each LED with
respect arbitrary angles #; for LED 1 (a) and #, for LED 2 (b).

Figure 4 gives an illustration in side view of the system
for indoor positioning. The system model is composed of
an infrared light beacon and a photodiode sensitive to the ¢ X o
infrared light. It aims at modelling the voltage amplitude 'S @dvantageous in terms of speed, sensitivity, energy
Vpp,i taking to account radiometric properties. consumption and system complexity [24].

The infrared LEDI Bickers at frequenc§ just as in [20], The constant j is dePned by the input voltage and elec-
[21], [23]. Each photodiode receives the infrared signal attronic gains of both the emitter and the receiver circuits, and
each frequency. Consequently, the optical sensor composetie found” 1 = 15,"> = 13 in our experiments. The constant
of 3 photodiodes receives 6 signals (2 LEDs3 photodi- $; is debned by the optical diffuserOs charact~eristic curve.
odes). The signal is demodulated with an analog circuit andb1 = $2 = 0.3 according to both the diffuserOs datasheet

modelled by a cosine-like angular sensitivity by taking to
account the datasheet. The use of photo-detectors (PDs)

converted for digital processing. The voltage amplitvdg; ~ and our experiments.
is modelled by As shown in Fig.5, the distance that separates the LEDs
oy $,% mounted on the beacon is# Therefore the distances from
" . #EDi & R each LED to the photodiode PD are practically the same
Vpp,i = 52 exp T cosfep,i) (1)

PD,i i Dpp = Dpp,1 # Dpp,2 ()

“We explain the expression of)(as the product of three  gjnce the angles of reception depend on the distances,
different gains: we assume they are the same

i —'—, models the variation over the distan@p R R R
i = # #p ©)
PD,i ) ) #p = #pp,1 D2
between the LED and the photodiode on the received
signal SHe”g% % Taking these two approximations into account, we pPnd the
' 2
E

4E following relationship (see Appendix A):
i exp” " % & models the gain of the LEDOs radi- '

" (

o (o= 870 AP0 @
ation over the angle of emissiaf . 2¥PD1

i cos( RD,i)' models the gain of the photodiode with respect  Assuming the beacon is mounted horizontally on the ceil-
to #5, ., the angle of reception. We used the photodiodeing of a room, we debne the direction of emission of each
OSRAM BPW 34 FAS whose the radiant sensitive areaLED with the angle$4, % and the vector{™ and®{™ as

is 7.02mn?. The angular sensitivity of the photodiode is described in Fig6. The vector components ﬁ}E} andﬁéE}
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. . " . 2
are written in the earth frar!ne of refeor/;er@g { Xe, ¥e, ze}: rop = ko + k1 In <%> Tk (1n (%))
{E} + sin% Real
I$1 = 0 . & 024 o Fit
| cos/g% PD
+ sin% 0.0 1
g5 =" o0 & (5)
" cos% 021 . . : : :
_ _ -15 -1.0 —=0.5 0.0 0.5 1.0
We debnes; andc; as the sine and cosine %f. s, andc; are In (%)
the sine and cosine 6. catibra . We found the ontimized ca e and
. alibration result. e roun teoptlmlze gains s an
We also debne in the pOdY Pxed fra:me attached to th%uch that the mathematical expression of  rpp in (11) fits the o 2
robotL{B} = (x_ y. z )T which is the position vector of the measurements.
beacon and®D® = (xpp ypp zep)T Which is the position

vector of the photodiode PD. Considering the voltage ratio $2 o
provided by @) and the systemOs conbguration, we introduce = (" 9)F (+ )—In 2
the variablepp: 4
(X" XeD)" S (YL" YD) $2
rep = - 6 =" (st )— 10
i 2" zpp © =" )2 (10)

The anglé is the heading of the robot introduced in Flg). and"; = 15,"1 = 13,% = 0.3. The robot is controlled
Taking into account the geometry of the beacon, the expresusing the motion capture system VICON. The position and
sion of rpp becomes (see Appendix B for the mathematicalthe heading are recorded. When we plotteg) from (6)
development): versus&f,’ﬁ’D obtained from the measurements, we observed
(c1" c2)" (c1+ C2)&p from Fig. 7, a linear shape. We decided to approximaie

fPD = 1" )" (s1+ 2)&D (7) with a second order polynomial function &fD:
h 1 + (I 0 0
Where g2 o leDz( rep & feo &P = ko+ ki &p + ko (8p)°  (11)
= —1n :
seo 4 "2Vep, , The calibration step aims at determining the values of the
$2 Vep2 ' ., " 2(( gainskp, k1 andky by using a least squares regression. The
T4 ! VD 1 ! " (8)  aimis to bt the expression ofp in (11) to the expression of

) . rpp in (6) given by the measured position and heading.
The expression afpp gives:

() a mathematical expression of the robotOs position with
. ) : A. HEADING ESTIMATION
XpD, YPD, Zpp and the heading withy , s in (6), . . .
(i) a mathematical model of the measurements. This modeirhe use of LED1 and LED2 with chosen orientations allowed

takes into account the geometry of the beacansg, c, ~ US 10 estimate the heading of the robot. _
andsy) and the radiometric properties witfbp 1 and Performing a calibration step for each photodiode A,
Vpp2 in (7) ' B and C embedded in the receiver, we computes andrc

’ ' from (9). Moreover, the position coordinates are given in the

&p stands for a variable of measurement which takes IntorobotCN)s frame of reference. The positions of the photodiodes

account the optical properties of the beacon and the voltaggre known and correspond to their bxed position on the

amplitudes provided by the sensor. receiver. From@), we can write the following equations for

IV. SENSOR CALIBRATION each photodiode
We calibrated the sensor in order to estimate the robotOs

heading and the robotOs position ale@agdy. fazZ" Zata= G (0" Xa)" SOL" Ya)

From (7) and thg expression @p in (8), we depned the rez" zgres=c (" xg)" s(WL" yB)

. % _ PD’Z . . . n = n " n
variable&g, = In {32 . Substituting the expression of rca" zcre=oM” xc)" s ye) (12)

&pp given by @) in (7), we writerpD%as follows Computing the differences " rg andra” rc, we write

_ %t &dpp the followi tri ti
rpp = ! (9) e following matrix equation
a+ a3z &p ' / oL 1 ' " (
, . Clz frA” B rAZp " I'BZB
here PDa . = " — " 13
W o ( slz A" rc z raza" rczc (13)
" 2
ag = (c1" )+ (cp+ Cz)zln N where
' (
$2 . _ Xa" X8 Yya" ¥B
=" . PD = " " 14
al (c1+ ) 2 Xa" Xc  ya" Yo (14)
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Since inour case afa = zz = z¢c = 0, it gives

C!/ZL( _.
"slzy

s
rc

ra
A

W

PD & (15)

Equation (5) allows us to bnd botl§- and 3-. Since the

heightz is a positive and constant value, we estimated the

heading as follows
' (

S C
I = atan26 ,c )= atan2 —, — 16
&.c) 2% (16)

We can remark from1(5) that we can estimate the heading

AZE
Og TE
g >
ve LED 2

e
]\72{E Y2

lllustration of the direction of emission of each LED mounted

even if the height is unknown. Once the heading calculatedgn the beacon. The angle #, is equal to zero and #; < 0.

one can usé in (12) to estimatez_. In our case, we assumed
that the heighy. was known and constant. We found exper-

imentally that this method gives a very good estimate of the

heading.

B. ESTIMATION OF THE ROBOTOs POSITION ALONG THE
X-AXIS

The use of LED1 and LED2 with chosen orientations allowed
us to estimate the robotOs position alongthgis.

We want to bnd the robotOs position in the earth frame of

referencg E} along thex-axis. We know that the relationship
between the robotOs positiorr X{E = (x y AT in {E} and
the beaconOs positior= L {8} in the body frame of reference
{B} is given by

X =" R&L (17)

We can also write
X+ RaPD=" R&(L" PD) (18)

Developing the left side of the equation for photodicdle
we write

' % ! %! %
X C " 0 XA
X+R&PD="y&+"s ¢ 0&"y&
| y4 0 0% 1 ZA
X+ CXa" Sya
="y+sxatcyad (19)
Z+ Za
And developing the right side o1.8):
! %! %
a "s 0 X" Xa
"RAL"PD)=""s o 0&"y" y&
| 0 0 1 z zA%
ot xa)" s (L ya)
=" s (" Xt oL ya& (20)
7" Za
We can note from40) thatz=" z_. We can also note that
" Xa)" s(yL" ya) =" X+ caxa" sya) (21)

Using 1) and the debnition afpp in (6), we can write a as
follows:
X+ CXa" SYa
z+ Za
X= (z+za)arp" (G Xa" S Ya)

ran =
(22)
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E-“k H
O"'

<L

mmmmmmmmmmmm————

A

V/(z, —zpp)? + (yr — ypp)?
Photodiode PD

lllustration of LED1 and the photodiode PD for the estimation
of the robotOs position along the y-axis.

Equation R22) gives an expression of with respectra.
As described inX0), ra depends on the direction of emission
of LED1 and LED2. In Fig8, we set% = 0 and% < 0.

The use of LED1 and LED2 installed with two tilted angles
% and% allowed us to estimate the robotOs heading and the
robotOs position along tReaxis.

We can remark thay does not appear in2@) making
impossible the estimation of the position along thexis.
The reason is the use of only two LEDs instead of three.
In future works, we will construct a beacon endowed with
three infrared LEDs. The use of three infrared LEDs implies
the construction of two new circuits boards for both the
beacon and the receiver.

C. ESTIMATION OF THE ROBOTOs POSITION ALONG

THE Y -AXIS

LED1 allowed us to estimate the robotOs position along the
y-axis. We assume that the heiglt is known and
constant and the robot only rotates in yaw. We have
#8551 = #5551 = # as presented in Fig.

SinceDpp,1 = %&) substituting in {), we write Vpp,1
as follows 4
" Co(®
Vpp,1 = z—leXp B~ cosh)
Dpp,1 4 $
" #1( 2
= %'exp " 3 cosgh)®
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Assumingz_ is known and constant, the voltage amplitude at 5 kHz at 17 kHz
Vpp,1 is a bijective function of;. We debned the function a) d)
Vpp,1 = Upp(#1) (23)
b) e)
Or, equivalently
PDB
# = Upp(VeD,1) (24)
. . . . )
since the mathematical expression of#ars: ‘ K
- PDC
X" Xpp)? + " 2
tant = (x." Xpp)*+ (VL " YpD) (25)
a
To Simp"fy the calculation, we debned the funCtigﬁD(') Plots of voltage measurements of the demodulated infrared
such that signal for each frequency f; = 5kHz and f, = 17kHz and for each PD.
(tan#h)? & geo(Vep,1) (26) )
Vs
And we approximated the functiagp(.) by a second-order pp = ko + k1 ln < ) + k2 <1n <V1 ))

polynomial function. The aim of the calibration is to Pnd by
using a least squares regression, the optimal values of the

gainshg, by andb, as the following PD

A @)

gpo(Vep,1) = bo + by Vep1 + by (Vep1)? (27)

For the sensor calibration, the distance between each photo-
diode and the beacon is accurately measured with the motion
capture system. We used a trilateration-based algorithm to
compute the robotOs full position given by the following PDg
equation

b)

Z (tanth)? = (" xpp)’+ (YL " YrD)? (28)
And then, from £8) and @6):

Z ge(Vep,1) = (U " XpD)*+ (VL " yPD)®  (29) C
We programmed the robot to follow a reference trajectory.
In Fig. 10, for each frequencfy = 5kHz andfy = 17kHz, m( )
we plotted the voltage amplitude measured for each PD used v
for the sensor calibration. Plots of the sensor calibration results. The plots a), b) and c)

In Fig. 11, we plotted the results of the sensor calibration define the calibration functions in black for the estimations of the
for the estimations of the heading and the robot®s positioffading and the robotOs position along the - x-axis.
along thex-axis. The plot in Fig.11 a), b) and c) debne
the calibration functions useful for the estimations. For each
photodidode A, B and C, the btting curves obtained by using
a least squares regression are linear.

The plot in Fig.12 a), b) and c) allowed us to debne We implemented online estimation algorithms for an oper-
the calibration functions for the estimation of the robotOsating range at a height up tavBoy using a complementary
position along the/-axis. For each photodiode A, B and C, Pplter for the heading and an extended Kalman Plter for the
the btting curves obtained by using a least squares regressiguosition.
are second-order polynomial functions. Instead of using Angle of Arrival (AOA) based methods,

Figure 13 presents the algorithm RBowchart that allows us we developed an algorithm based @2)(takes into account
to calculate the heading and the positionsciandy of the  the radiometric properties of the optical diffuser and the
mobile robot. geometry of the emitter. We present (i) the algorithm that
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gpp = by + b1 Vy + b V2

a)
PDA
PDg D)
PDC c)

Vi

Plots of the sensor calibration results. The plots a), b) and c)
define the calibration functions for the estimation of the robotOs position
along the y-axis.

calculate
rpp for

the 3 PDs
from (11)

calculate
the heading

from (15)

calculate
ZL
from (12)

calculate T

calculate

gpp for
the 3 PDs

from (27)

The algorithm flowchart describes the calculation of the
heading and the positions in  x and y of the mobile robot.

gives the heading estimation of the robot. A complementary
plter optimizes the accuracy fusing the sensor measurements

1) TILTING

First, we use use the IMUOs accelerometer to calculate a
prst estimate of the robotOs tilt. We debne the orientation
quaternion as|= g;' Oxywhere' is the Hamilton product.
Here we note quaternions as 4x1 matrixes, where the fourth
element is the quaternionOs real:part! %

o}%
i i ' qv%

q= Ow idx + jgy + KOz = = & (30)
Qw

Using the normalized accelerometer vectér =

(ax ay a;)", we can use the methods debned in [25] to
determine that ! ( %
+ay, 2(@;+ 1)

- "ay 20@+ 15'/

By=e 90 %

az+1
2

(31)

2) HEADING
We use Equationl(l) to get the values afa, rg andrc. With
the method described in Sé¥., we initialize the value of the

heading . We can debnle the heacoi/ing quaternion as
0

. 0
9= " sin@/ 2)&
cosl/ 2)

The Hamilton product] = ¢." 0xy gives the initial orienta-
tion of the robot.

(32)

3) x ESTIMATE
Assuming that we know the (constant) heightand that we
have already calculated the orientation quaternion, we com-
pute the yaw angle and use2?2) to get three expressions for
X:

X=2Zra" axa" sya

X=2z1rg" caxg" Sys

XxX=zrc" axc" syc (33)
We initialize the prst value of taking the mean of these three
values.

4) y ESTIMATE

From 18, we write the following equations
(" Xpp)* = (X+ C XpD" S YpD)
(L " YpD)> = (Y+ S XpD+ Ci YpD)?

zZ2=7 (34)

and the angular velocity provided by a gyroscopic Sensorgrom 29, we can write the following equations for each

(ii) the algorithm that estimates the positionxiandy using

an Extended Kalman Filter (EKF).

A. INITIALIZATION

We initialized the algorithms by using the IMU and the optical Z gc(Ve1) = (x+ axc

Sensaor.

87496

photodiode
Z ga(Va1) = (X+ cxa" S YA+ (Y+ S xa+ G ya)®
Z ga(Ve1)= (x+ Cixg" sys)*+ (Y+ S Xg+ C yg)?
" syc)+ (Yt sxc+ cye)
(35)
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We bnd the unknows in each equation and we compute the We normalized gacc and debned the corrected quaternion
mean value. as

B. HEADING ESTIMATION WITH A COMPLEMENTARY q?( =" Oacc' Opredk (42)
FILTER

We pltered the orientation quaternigrby using a comple- [N our experiments; = 0.1 produced the best results.
mentary Plter to prevent the robotOs heading estimation from

noise. The complementary plter that we implemented is taker$) InLock CORRECTION

from [25]. Instead of using the magnetometer to bnd theWe implemented the heading correction with the InLock

heading, we used the optical sensor InLock. sensor by using a correction quaterniog,.
We applied brst the accelerometer corrected prediction
1) GYROSCOPE PREDICTION rotation to the positions of the photodiodes
The gyroscope gives a very precise measurement of the
robotOs angular velocities in every axis, debPned hefe=as A = R A
((x (', (2)- We dePned the quzg/terniam as B = R(q)) B
H 0
(x, C'= Ry C (43)
— (y/
a0 =" (L& The rotated positions), B andC) of the photodiodes result

0 in a non-zero value for thei-component?, *=0,2; *=0

. .
Its time derivativetk is given by andz *=0). We write 13) as follows

& = Ok ZOI( (36) . pDa © lz ( _ rA:: rB( .1 rAZ}*.l.I rBzia(
s 1z ra" frc z razy" rczs
We used it to calculate the prediction quaternion (44)
Cpredk = Ok 1+ 't 1 (37) where
Then we normalized this prediction to make sure it contin- t N
ues to be a rotation quaternion. The pure integration of the " pp = Xs)L\.. X%; yﬁ-- Y}3 (45)
gyroscope can lead to errors after some time, so after each Xn o Xe A Y

rediction step we must correct it with the accelerometer and
b b Then we can calculat¢ by brst bnding bothcy /7

Inkock sensor. ands; /z from Equationd5. Then, the heading correction
2) ACCELEROMETER CORRECTION quaternion is depned as
Assuming that the quaterniongacc corrects the prediction ! 0 %
Opred to the real quaternion, we can write S 0 % "
CIL =" Gacc' Cpredk (38) &= sin(!/ 2)& (46)
In order to Pnd' Qac;, We compute the modibed cos(/ 2)
accelerometer vectd: Lo We debned the gair$ between [01] and debned the
Ox quaternion
$= R(Opreqk) &= " gy& (39) ! O%
9z L 0l
Then we debne ! ( % "0z=%4& g+ (1" $)an 0{& (47)
+gy( 20, + 1) 1
. L G 20G:+ D)
Gace = 00 fg( (40) The quaternior g, is normalized. The fully corrected
gz_gl quaternion is given hy
We combine the data from both the accelerometer and the k="' QL (48)
gyroscope using linear interpolation by (i) dePning the gain
" between [01], (i) updating the correcltiarc}/o In our experiments$ = 0.1 produced the best results.
0
—_— Lo of C. POSITION ESTIMATION WITH AN EKF
Gaco= " & Gacet (1" ") an g @D we implemented an EKF to estimate the robotOs position
1 in x andy.
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1) MEASUREMENT VECTOR

In this case, the measurement ve?{dsO debned as
: 0
fa In A2
A Vai, |
1 1 A,l(( ;
o In o2
v=1, e (49)
. fC In ﬂ %
. c1 ;
o oaVa1)
o.(Ve1) &
gc(Ve,1)
*%k
With rpp = f In % and tal%(#pD,l) = gpp(VPD,1):

where the functiond and g are debned as polynomial
functions.

2) EKF STATE VECTOR AND MEASUREMENT VECTOR

We debned the state vectdras o,
X

vl

W X
y&
Vy

X

(50)

3) EKF STATE PREDICTION

V¢ andvy are debned as the velocities of the robot in its
own frame. We wrote a 1st order approximation for the state

transitions as following .
X+ x+'tow" sv
VX | Vy

y+ y+'tswtaw (51)
wheres andc; were calculated fromy as
S = 2(qwdz + OxQy)
o= 1" 2+ ) (52)

Studying the kinematics of the commercial TurtleBot3,

the state transition matrix is written:as %
1 +¢o't 0 "g't
,o_ 0 1 0 0]
FED=rg 4gt 1 4 & O3
0 0 0 1
4) EKF OBSERVATION MODEL
We debned the observatiqn mode] as
! %0
ra(x)
18]
: re(X)]
h(X) = : 54
9= b0 (54)
" hg(X)&
he (X)
where the functionspp andhpp are
X+ C Xpp" S YPD
rep(X) =
pD(X) r—
(X+ CXpp" S Ypp)?+ (Y+ S XpD + C YpD)?
hPD(X) = 2
(z+ zpp)
(55)
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5) EKF OBSERVATION MATRIX
The observation matrix is debPned as the Jacobian matrix of
the observation vector in the state vector

k2 )
1) X %
)raX)  )raX)  )raX) ) ra(X) /
b0 )k )i )rﬁ"X)g
e e ek )
o 1 n
=1 ) ) ) )hl‘(”X)g
C )X )% )y N
)He(X)  )he(X) ) he(X) )hB<><>g
. ¢ '
) ) o ek
) X )X )Y )3,
(56)
Computing all the partial derivatives
! %
i% 0 0 0
7+ z, /
Lo/ 0 0 d
z+ ZY !
— 0 0 d/
HEk= S % ¢\
-, (Xto ™ sy Y+ s xa* G ya)
: (z+ 2% @z
L, e s g O+ sxgrayg
(2 2 @27
T e sye) o, sxgraye) &
(z+ 22 (z+ 292
(57)

We observed experimentally that the last three states in the
measurement vector are very sensitive to small variations of
height, pitch and roll. We decided to replace all the derivatives
of the last three measurementsirforcing thex estimate to
only take into account the brst three states in the measurement
vector.

! %
1
— 0 0 0
. Z+ Z) /
1
; % 0 0 cé
.zt Zg I
1
: _ 0 0 d
Hko @ 2P g w | (58
T, g ursxrayh 4 68
: (Z+ ZO/()Z /
: b A o /
0 Y+ s X2+ C yQ 0;
: + %02 /
1] (Z OA)ZB OA) /
0 2(y+ s X2+ ¢ yQ) o&
(Z+ Zzo)Z
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We validated the online estimation algorithms for an operat- 2

ing range at a height up tavdby using a complementary blter
and an extended Kalman bplter.

A. THE OPTICAL SENSOR IS EASILY EMBEDDABLE ON

MOBILE ROBOTS AND CONSUMES LITTLE ENERGY

We previously proposed in [18] a minimalistic optical sensor

in terms of small size and low power consumptior{@ for
the sensor and the analog demodulation board). The sensor — Reference
enabled us to localize a mobile robot indooxsagdy posi-

tions) in operating range at a height of 2 meters. We asked S i, = —0.03 rad
whether we could construct an easily embeddable optical 3501 o, = 0.07 rad
sensor for indoor localization of mobile robots, (y and

heading*).

The mobile robot is a commercial TurtleBot3 Burger. It is
equipped with the optical sensor as presented inFidghe
position and heading estimations are compared to the refer-
ence using the motion capture system Vicon. We used ROS
(Robot Operating System) to combined both the software
(the algorithms for motion control) and the hardware com-
ponents (the optical sensor equipped with the analog demod- 04 03 -02 -01 00 01 02 03

ulation board, an IMU BNO055, an arduino Teensy 3.2, the Fren e

Estimation of the heading. a) Comparison of the heading
TurtleBot3 mOEherboard).' estimation (in red) to the actual heading of the robot (in black) versus
The robotOs VGlOCIty was about.2@® /s (the time. b) Histogram of the localization error in 2D using InLock sensor.

TurtleBot3 BurgerOs maximum velocity is aroun220m s,

according to the specibcations). This value is coherent with Figure 14 b) presents the histogram of the heading error.
the average velocity of the automatic guided vehicles useGra mean error ig+ =" 0.03rad and the standard deviation
for industrial applications in warehousesr(Ls) depending g4, = 007rad. These results show the great accuracy of the
on their shape and their weight. Moreover, the InLock SyStemneading estimation achieved using the optical sensor.

is currently limited at a refresh rate of 33 Hz which is not an

issue as regards of the robotOs velocity. Since each LED emig THE OPTICAL SENSOR REACHED AN ACCURACY
alternatively during 15ms, the receiver has to wait for 30 MS|\FERIOR TO 10cm FOR THE INDOOR LOCALIZATION OF

to process the signal. THE MOBILE ROBOT
SThe sensor provided an accurate estimation of the position by

mounted on the robot. We implemented using ROS the algohsing an Extended Kalman Filter.

rithms which regulated the robotOs motion along a reference”_. . - .
: . ) . . Figure 15 a) presents a comparison of the position esti-
trajectory. We implemented the online algorithms (i) for the . L "
heading estimation by using a complementary Plter, (ii) for mation along x-axis (in red) to the a_lctual _posmon of the
' robot versus time (in black). The estimate is closed to the

the position estimation by using an Extended Kalman F”teractual position of the robot. Figutsb) gives the mean error
detailed in SecV in an arduino Teensy 3.2 board (CPU 32 bit Ux = " 0.036cm and the standard deviationts= 1.1cm.

ARM Cortex-M4 at 72MHz). This result enables us to state that the optical sensor can reach
an accuracy very much lower than 10cm as targeted.

B. THE OPTICAL SENSOR REACHED AN ACCURACY Figure 16 a) presents a comparison of the position esti-
INFERIOR TO 0.1RAD FOR THE HEADING ESTIMATION OF  mation along y-axis (in red) to the actual position of the
THE MOBILE ROBOT robot versus time (in black). The estimate is closed to the

In [18], we succeeded in estimating the positionandy actual position of the robot. Nevertheless, one can remark that
of the mobile robot, but the heading was missing. We askedhe estimation differs from the reference at the lowest values.
whether it was necessary to revise the geometry of the beacaofihe estimation position along tlyeaxis is less accurate than
and of the sensor to combine two Rickering infrared LEDs. the one along th&-axis because it is sensitive to the varia-
Two Rickering infrared LEDs are placed in the beacon astions of height, pitch and roll. The reason is the use of only
presented in Fig2 and only three PDs are placed in the LED1 for the estimation of position. Figurkb b) gives the

receiver. mean erroply =" 2.1cm and the standard deviationtig=
Figurel4 a) gives a comparison of the heading estimation3.2cm. This result enables us to state that the optical sensor
(in red) to the actual heading of the robot (in black). can reach an accuracy inferior to 10cm as targeted. Table
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