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14 Abstract: The sTetro is a stair cleaning robot which can climb the staircase with its shapeshifting
15  capabilities. As this robot is intended to traverse multi-floor environment autonomously, hence its
16  localization/positioning information is an essential component of the overall system. Usually, the
17 indoor mobile robots rely on some external system for localization information, e.g., WiFi, UWB,
18  vision, RFID signals, or indoor Global Positioning System (GPS). This requires the installation of
19 additional hardware and/or modification of the working environment for precise positioning
20  information of the mobile platform. As the dimensions of the staircase are known a priori, this
21 knowledge can be used to localize the sTetro robot on the stairs. In this article, the geometry of the
22 staircase has been exploited to localize the robot in 3D space with measurements from the onboard
23 time-of-flight (ToF) range sensors only. The heading angle of the robot is also estimated with two ToF
24 sensors installed in front of the sTetro robot. Results achieved by conducting experiments on real

25  robot prove the efficacy of the proposed approach.
26

27  Keywords: Indoor environment; 3D localization; staircase geometry; robotics; time-of-flight sensors.

28

29 1. Introduction

30 Any mobile robotic system comprises of many systems and subsystems for its proper operation,
31  however, some significant modules are essential for the autonomous operation of the mobile
32 platforms [1], [2]: control system module, path planner module and localization/positioning module. Among
33 them, the localization module is responsible for providing correct information of position and
34 orientation [3]. The other significant modules of the robotic system mainly depend on the accuracy
35  of the localization system.

36 Mainly there are two types of localization/positioning systems, 1) Absolute positioning system,
37  2) Incremental/relative positioning system [4],[5]. In absolute positioning system the position

38  information is available with respect to some global reference coordinate frame and usually does not
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39  depend on time and space, i.e., position in not drifting with time, e.g., GPS [6], [7]. However, in the
40  incremental or relative positioning system, the position update is obtained from the previous step
41  increments. The drawback of later is that any errors in the previous position and the sensors are also
42 aggregated, i.e., position drift with time, e.g., IMU and wheel encoder-based position calculation [8],
43 [9].

44 For outdoor mobile robots, the localization information mainly comes from GPS alone or
45 combined with other sensors/systems, e.g., inertial measurement unit, camera, Lidar, vision sensors
46  etc. [10], [11]. However, for indoor mobile robotic platforms, GPS is not readily available, hence
47  other forms of absolute positioning are employed, e.g. WiFi signals are used to estimate absolute
48  position ofmobile devices[12]. Similarly, other beacons-based absolute positioning systems are
49  employed to get the absolute position of a mobile platform in an indoor environment [3], [6],
50 [13]-[18]. However, this requires some additional hardware modifications in the working
51  environment, which adds additional cost and/or complexity of the overall system.

52 In this work, we present a novel yet very simple technique to estimate the 3D absolute
53 localization information of an indoor mobile robot, called sTetro, developed at RoAR Laboratory,
54 SUTD [19]. Sensor installation and typical working environment of this robot is shown in Figure 1.
55  Asthe working environment of the sTetro robot is a staircase which has fixed and known dimensions
56  of each step’s tread and riser. This a prior knowledge of staircase geometry is exploited for
57  localization information estimation along with onboard sensors measurements only. Some of the
58  terminologies related to staircase geometry are given in Figure 2. Two time of flight (ToF) sensors are
59  installed on the left and right side of the robot. The distance measurements obtained from two ToF
60  sensors are used to calculate y-axis position on the tread. As the dimensions of stair’s tread and riser
61  are known, the x-axis and z-axis position is derived from the known geometry of the staircase as
62 robot climbs on the stair steps. Two ToF sensors are also installed in front of the robot facing front
63 riser. The range/distance measurements of these two ToF sensors are used to calculate the heading
64  angle of the sTetro when it traverses left and right on the tread of a step.

65 The remaining article is organized as follows. In section 2, a brief introduction of the sTetro
66  robot is given. We present 3D localization calculation method of the sTetro in section 3, and in section
67 4 the orientation estimation scheme is presented. Section 5 gives the experimental setup and results

68  discussion. Section 6 concludes the work and proposes some future directions.

69

70 2. Introduction of sTetro: A Staircase Cleaning Robot

71 The sTetro, a staircase cleaning robot, is a reconfigurable robot which uses a vertical conveyor
72 Dbelt mechanism to climb the staircase. The working principle of sTetro is borrowed from the Tetris
73 game [20]. The sTetro robot's body consists of three cuboids connected with two sliders attached to
74  each side of the central cuboid. The hollow space inside each parallelepiped block encloses the
75  electronic units, vacuum/suction tools and sweeping mechanism (planned). The blocks have a
76 modular design, which allows reusing many pieces in the system. A GUI has been designed which
77 allows the user to control the robot’s motion, as desired. The reconfiguration mechanism allows the
78  sTetro robot to efficiently traverse both the floor and stairs, which is almost impossible in presently

79  available home cleaning robots in the market. The newer version of the sTetro has capabilities to
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80  autonomously navigation on the staircase without user intervention. Pictures of old and newer

81  versions of sTetro robot are shown in Figure 1 bellow.

82
(b)
83 Figure 1. (a) sTetro (new ver.) robot with sensors installed for this work, (b) sTetro (old ver.) robot’s
84 typical working environment: A staircase.
85

86 3. Absolute 3D Position of sTetro

87 In order to get absolute position information on all three axes (i.e. x-axis, y-axis, and z-axis),
88  only the y-axis position is measured by ToF sensors in this work. The position along other two axes is
89  calculated from the known geometry of the staircase. For instance, the width of a tread of stair step
90  and height of riser is fixed on any staircase and can be measured manually. When the robot climbs
91  the staircase, the distance traveled along x-axis and z-axis can be calculated if the step number is

92 known on a staircase. The 3D absolute position of the sTetro is calculated as in Equation (1).

X, =1, X step (tlj
i Y i 5
2

z; =1, XStep, ;i=12,.....,N. (1)
_ d, ;if sensor output <120cm
AW —- d; ; otherwise

93

94  Where t,and 7 are lengths of tread and riser of a staircase, X, and z,are position along the x-axis

95  and z-axis respectively, d ;is ToF sensor measurement along the y-axis, W is the width of staircase

96  andiis the step number counter.

97
98
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SIXe-z

99 Figure 2. Staircase geometry to calculate 3D position and orientation of sTetro robot.
100
101
102 To calculate the robot position along the y-axis, the measurements from distance sensors

103 installed at both sides of the robot are used. The reason that two ToF sensors are installed on left and
104 right side of sTetro is that these sensors have limited raging capability (~ 120cm ), so when the robot
105 is on extreme left or right side of the stair, the distance measurements of the sensor become
106 unreliable. In this case, the measurements of the sensor on the other side of the robot are used to
107  calculate position on the stair along y-axis. The complete pseudo-code for 3D position and
108  orientation (heading) estimation is given in Algorithm I below.

109
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Algorithm I: Pseudo code for 3D localization and heading estimation of sTetro.
Initializ: x j <~ 0,y, < Y,z, < 0

i=1 //step number
Loop :while (i< N)

x, « t,%x(i)—0.5¢

z, < 1 x (i)

if (sensor output <limitMax) //llimitMax =120cm
yi < d,

else
Ve W —d,

0, < tan™' [MJ
D

if (6, > 0)
rotateCW ()
if (6, <0)
rotateCCW ()
i < readStep()
end loop

124
125

126 4. Orientation Calculation and Misalignment Correction

127 As the working environment of sTetro is staircase which has almost flat treads, hence the roll
128  and pitch angle of sTetro are nearly zero in normal operation of the robot. Only heading angle
129 (rotation about the z-axis) may change while traveling left/right on the treads. Two ToF sensors are
130  installed at the front end of the sTetro robot to keep track of the heading angle. The role of these two
131  sensors is to calculate the heading angle of the robot from the range measurements of the two
132 sensors. Time of flight sensors give direct distance measurements with respect to the front riser of

133 the step. The heading angle is calculated as follows in Equation (2),

134
L(d,—d
0k=tanl( 2D ]j )

135

136 whered,, d, are distance measurements from ToF sensors installed in front of the robot, and D is the

137  width of the sTetro robot. If both distances are nearly equal, it leads to the conclusion that the robot is
138  aligned with the front riser and heading angle is almost zero. If two ranges are not equal, a positive
139 or negative heading angle indicates the misalignment of the robot with the front riser. Then the
140 control system sends signals to actuators to turn sTetro clock-wise or anti-clock-wise in order to keep
141  italigned with the front riser for smooth motion. Heading angle estimation and correction scheme in

142 this work is illustrated in Figure 3 below.

143
144
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145 Figure 3. (a) Heading angle calculation from ToF sensor measurements, (b) Depiction of misalignment of sTetro
146 on stair tread.

147

148 5. Experimental Setup and Results discussion

149

150 The sTetro robot’s design and working principle are described in full detail in our previous
151  work[19]. The sTetro robot is equipped with four additional ToF sensors for experiments conducted
152  in this work. The distance sensor (VL53L0X) measures absolute range up to 2 meters [21]. An

153 experimental setup for this work is shown in Figure4.

154

7 Ny
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e—

(b)

(@)
155 Figure 4. Experimental setup, (a) sTetro robot traversing the staircase, (b) One motion cycle of sTetro.
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157 The sTetro robot is driven to traverse staircase as shown in Figure 4(a). The motion cycle for
158  covering one stair step is given in Figure 4(b). Left and right wall strings restrict the motion of the
159  robot. Two ToF sensors are installed on the left and right side of the central block and 2xToF sensors
160  are fitted in front of the first block of sTetro. The robot is started to move on the tread of the first step
161  from right to left. After reaching extreme left of the tread, the left bumper touches the left wall string,
162 and robot starts to move towards right on the tread. When the robot reaches the rightmost side, the
163 right bumper touches the right wall string, and the robot starts to move towards left. After reaching
164  midway on the tread, it stops and lifts central and last block to climb up to the next level. The
165  counter in the software is incremented each time the robot climbs to the next step, thus counting the

166 number of steps. This motion pattern repeats on the second step and so on, as before on the first step.

167  During left/right motion, all four sensors measure the distances (d, ~ d,) which are used to calculate

168  y-position and heading angle of the robot.

169

170 5.1. Heading Angle: Static test

171

172 In the first test, the two front sensor’s range data (d,,d, ) is used to calculate the heading angle

173 of the robot. To assess the accuracy of the proposed method, a static test is performed first. The robot
174  facing the front riser of the stair is rotated from +45° to -45° in continues rotation. Straight lines are

175  marked with the help of angle protector at designated angles: 0°, -45°, +45°. Starting from facing the

176  riser (i.e. heading angle ~0°), the robot is turned leftwards (CCW), thus increasing the distance (d,)

177  of the left sensor as compared to the distance (d,) of right sensor. The heading angle starts
178  increasing from 0° to +45°. At about +45°, the robot is held stationary for a while and then begins

179 rotation rightwards (CW). Now the distance (d,) starts decreasing, and at about zero degrees, both
180  distances (d,,d, ) are almost equal again, thereby measuring approximately 0° heading angle. After

181 this, the robot is rotated CW, and now distance d,is creasing more thand,, thereby increasing

182  heading angle to -45°. At about -45°, the robot is held stationary for a while and then leftwards
183  rotation takes place towards zero degrees, hence completing one rotation cycle. The results of this
184  static experiment are shown in Figure 5, 6. The results of heading estimation using ToF sensors are
185  compared with commercially available off-the-shelf Attitude Heading Reference System (AHRS)sensor
186  from VectorNav Inc. This sensor has an accuracy of the absolute heading angle of +2° RMS [22]. The
187  zoom-in view of the heading angle estimation at different rotation states is given in Figure 6(a-d).
188

189

190

191
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Figure 5. Comparison with VN100 AHRS: From 0° to +45°, back to 0° and then to -45°.
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193 Figure 6 (a-d).Zoom-in view of heading angle aproximately at 0°, +45°, -45°.
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195 The error in heading angle is calculated by comparing angle readings from reference AHRS and
196  that of the proposed method and given in Table 1 below. It is observed that the proposed method of
197  heading angle estimation is more accurate when rotation about the z-axis is minimal. At higher
198  rotation angles (~ +45°), the error in heading angle using ToF sensors is more. The reason is that at
199  oblique angles, the error in range measurements obtained from ToF sensors increases, hence

200  resulting in more error in heading calculation at large rotation angles about vertical.

201 Table 1. Accuracy of proposed scheme.

Rotation state 'VN100 [deg] ToF [deg]l Error [deg]

=0 -1.80 -2.80 1.00
- 145 -44.2 -47.1 2.90
~0 0.60 -1.40 0.80
- 45 44.40 42.60 1.80
~0 -1.80 -2.80 1.00
202
203 5.2.3D Position and Orientation: Dynamic test
204
205 The 3D localization of sTetro is calculated with staircase geometry and measurements from

206  onboard distance/range sensors only. The geometry of the staircase used and some parameters of

207  ToF sensors and the sTetro robot are given in Table 2 below.

208
209 Table2. Staircase geometry and sTetro’s main parameters
Parameters Value(cm) Remarks
Riser height(r]) 14
Tread length(tl) 32
Reliable range (max) 120
sTetro size (1,w,h) 45%x20x40
No. of steps(N) 16
Staircase size 480x205x165 (LxWxH)
210
211 It is observed that reliable ranging from left and right ToF sensors is only about 120 cm. Above

212 this, the range data is not reliable for position calculation in this experiment, as confirmed from the

213 range measurement data in Figure 7 (a). Starting from almost middle of the first step of staircase, the

214 robot’s initial position is set as (x, =0, y, =Y, z, = 0). The robot is then moved rightwards until its

215  right bumpers touch right wall string of the staircase. The distance measurements from right side

216  ToF sensor give y-position as the robot moves rightwards, keeping x-position and z-position
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217 constant(i.e. x =const, y =d,z = const.) during rightwards motion. After touching the rightmost

218  wall, the robot starts moving towards leftwards until the left bumper touches the left wall string of
219  the staircase. After this, the robot comes back to the middle of the stair step. This completes the one
220  traverse of sTetro on the stair step. Then the robot starts lifting up its 2nd block and then 3t block to

221  climb to the next level. During lifting up, its z-position changes while y-position and x-position

222 remain constant (i.e. x =const., y =const,z=2z,). After the lift-up action is complete, the robot

223 moves forward to the middle of the tread to start next traverse on the stair step. During this forward

224  motion, it's x-position changes while y-position and z-position remain constant

225 (ie.x=x,y=const,z=const.) . Note that during the left/right travel on the stair, if range

226  measurement increases the maximum limit, then y-position is calculated using the other side’s ToF
227  sensor measurement, by subtracting its range measurement from total width (W) of the staircase.
228

229 The raw range measurements of the left and right ToF sensors are given in Figure 7 (a). These
230  range measurands become unusable after about 120 cm. Measurements from both the left and right
231  range sensor are used to calculate y-position of the robot. The 2D position (x,y) of sTetro is shown in
232 Figure 7 (b). The robot travels about 480 cm in the x-axis and 180 cm in the y-axis (excluding robot
233 width from y-axis distance calculation). The 3D position plot is given in Figure 8. It is evident that all
234  axis position data is very smooth and highly accurate when compared with actual
235  geometry(dimensions) of the staircase. In z-axis, the robot covers approximately 165 cm, as shown in
236  this figure. The heading angle estimation is shown in Figure 9. It is seen that that absolute
237  orientation remains within +1° while traversing the entire staircase. The standard deviation
238  calculated of the heading error is approximately 0.9 degree. The misalignment correction was not

239  implemented in this experiment.
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241 Figure 7. (a) Raw range measurements of left and right distance sensor. (b) 2D position (x,y) of sTetro.

243


http://dx.doi.org/10.20944/preprints201811.0295.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2018 d0i:10.20944/preprints201811.0295.v1

3D Position[cm] of sTetro

250 ~
200
150 S

100

zPosition

600

yPosition 0 o xPosition

244 Figure 8. 3D absolute position (x,y,z) plot of sTetro on 16-step staircase.

245

246  5.3. Error analysis

247

248 Error in heading angle is due to the error in range measurements of the sensor itself. It is noted

249  that range error is about +3cm which contribute to an error in heading angle about +1°. We
250  compared heading angle accuracy with off-the-shelf AHRS sensor (VN-100) from VectorNav Inc. in
251  experiments conducted in this work. The absolute heading angle estimation with the proposed

252 scheme and its error w.r.t reference AHRS sensor is given in Figure 9 below.

253

sTetro Heading Angle[deg]
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254 Figure 9. Absolute heading angle estimation of sTetro.
255
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256

257 The error in y-position is calculated as in Equation (3). Here we calculated the error in total
258  distance estimated along the y-axis as compared to width of the staircase for every step. The results

259  are given in Table 3 below.
260

Error = W—[(y -y ) +R,] ®)

max

261  HereW is the width of the stair step, R, is the width of robot and y_. ,». . are the minimum and

262  maximum range measurements of left/right ToF sensors on a particular step. On each step, the
263  difference between the maximum and minimum range measurements (by adding robot width as
264  well) gives distance covered on a tread. The error is calculated by subtracting this difference from

265  the manually measured width of the stair.

266
267 Table 3. Accuracy of proposed scheme.
Staircase Stept ¥ (cm)  y._(cm) Error[cm] Heading angle error
1 193.1 14.0 29
2 193.0 14.1 3.1
3 193.2 14.3 3.1 Mean=0.99°
4 193.1 14.1 3.0 StdDev.=0.93°
5 192.9 14.2 3.3
6 193.1 14.3 3.2
7 193.0 14.3 3.3
8 193.1 13.9 2.8
9 193.1 14.2 3.1
10 193.2 14.1 3.1
11 193.3 14.3 3.0
12 193.1 14.2 3.1
13 192.9 14.0 3.1
14 193.1 14.3 3.2
15 193.2 14.3 3.1
16 193.0 14.0 3.0
l N
Mean = —z Error, =3.1cm
i=1
stdDev(Error) = 0.13cm
268
269 6. Conclusion
270
271 In this work, a novel and a straightforward method is presented to calculate 3D absolute

272  position and orientation using staircase geometry and minimal onboard sensors only. As the stair
273  cleaning robot is assumed to travel in a known environment, so geometry of the staircase is
274  exploited to calculate its position and orientation. The proposed method is very accurate as manual
275  measurements of stair’s riser and tread are provided to the position calculation algorithm. The only
276  uncertainty arrives in y-axis because of the range sensor’s random noise. This noise is minimized by

277  taking the moving average of the measurements of ToF sensors. The error in y-axis only arrives due
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278  to the error in sensor measurement itself (~3 cm as per datasheet). Mean error in position in 3.1 cm
279  with a standard deviation of 0.13 cm only. The mean error in heading angle is 0.99 degree with a
280  standard deviation of 0.93 degree. Ideally, the heading angle of sTetro robot should remain within +5
281  degrees in order to keep aligned with the front step riser. The proposed method faithfully fulfills this
282  requirement. As a future work, this method may be integrated with other indoor positioning

283  systems for overall system redundancy and reliability enhancement.
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