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Abstract. 
Feasibility of a simple method to detect step height, slope angle, and trench width using four infrared-light-source PSD range sensors is examined, and the reproducibility and accuracy of characteristic parameter detection are also examined. Detection error of upward slope angle is within 2.5 degrees, while it is shown that the detection error of downward slope angle exceeding 20 degrees is very large. In order to reduce such errors, a method to improve range-voltage performance of a range sensor is proposed, and its availability is demonstrated. We also show that increase in trial frequency is a better way, although so as not to increase the detection delay. Step height is identified with an error of ±1.5 mm. It is shown that trench width cannot be reliably measured at this time. It is suggested that an additional method is needed if we have to advance the field of obstacle detection.


1. Introduction
In the last decade, autonomous mobile robots have been attracting wide attention, and technical levels have dramatically advanced (see, for instance, [1]).  Many robots for entertainment, room cleaning, and other services have already been developed [2].  To be really practical, robots must be able to acquire environmental events and/or spatial information of their environment.  Some robots for entertainment have optical sensors, ultrasonic sensors, touch sensors, and other configurations which have been implemented.  To create more autonomous robots that suit future applications, the 2D infrared range sensor [3] and CMOS-imager camera [4] are being studied extensively.  In these studies, sensor downsizing is an ongoing concern.  However, the newly developed sensors are still expensive, and computing overhead is apt to increase.  This is a fundamental problem with the present research roadmap.
2D path planning for mobile robots has also been studied extensively [5, 6]; it is considered that combining a path planning method [7, 8] with a potential-field method [9, 10] or a mapping technique is a promising  approach.  These techniques are also needed for future self-learning robots.
On the other hand, recently, a passive intelligent walker is proposed using a servo breaks [11]; in that trial, some obstacles (such as steep slope and steps) are detected.  However, a user must change his/her front direction when the sensor has found an obstacle.  In addition, the robot does not guide a better direction for walking to the user.  Therefore, at least now, blind persons cannot use the walker.
In this paper, how to detect and classify obstacles in front of a robot without a camera [12–14] is investigated.  The purpose of this paper is 
	
		
			
				(
				1
				)
			

		
	
 to realize a sensor block that can detect the differences between step, slope, and trench, 
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				2
				)
			

		
	
 to form arithmetic procedures to estimate characteristic values (step height, slope angle, and trench width), and 
	
		
			
				(
				3
				)
			

		
	
 to propose algorithms that yield reliable judgments.  Four infrared-light-source (IR) PSD range sensors are used.  Experiments on the sensor block challenge its sensor functions with steps, slopes, and/or trenches.
The electrical or mechanical configuration of the testing robot is described in Section 2.  Section 3 describes the measurement accuracy of the IR PSD range sensors used.  Section 4 proposes algorithms that allow the robot to detect obstacles and estimate characteristic values.  Section 5 describes the results of an obstacle-detection test and the reliability of obstacle recognition.  Finally, the remaining issues are summarized.
2. Mechanical and Electrical Architecture of Testing Robot
A picture of the prototype robot to test sensor functions is shown in Figure 1.  The testing robot has two nondriven caster wheels at the front and two motor-driven wheels at the back whose rotation speeds are controlled by a motor-drive circuit.  The motor-driven wheels have four rotation modes (brake, stop, forward, and back).  Since these four functions are implemented on the wheels independently, the robot can move in any direction.  Four range sensors are placed on the front of the testing robot (PSD1L, PSD1R, PSD2L, and PSD2R, resp.) to detect obstacles in front of the testing robot (see Figure 2).  These four sensors detect distances from the sensor to the floor, and the microcontroller calculates characteristic values, for example, the slope angle 
	
		
			

				𝜃
			

		
	
 when the obstacle is a slope.



Figure 1: Photo of an assembled robot for testing.




	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
	
		
	
		
	
		


	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
	

Figure 2: Schematic of sensors’ layout.


The electronic architecture of the testing robot is shown in Figure 3.  The circuit-mounted board includes a microcontroller (ADuC7026 [15] produced by Analog Devices Corp.) to give the robot a data processing function.  The microcontroller has input terminals for up to 12 single-ended A/D converters and other analog processing functions.  The microcontroller receives analog signals from sensors through its built-in A/D converters, logically assigns the environment to one of the obstacles or no obstacle, and finally outputs the characteristic value of the obstacle (slope angle 
	
		
			

				𝜃
			

		
	
 for the slope, step height 
	
		
			
				ℎ
				1
			

		
	
 for the step, and so on).  The microcontroller on the MPU board calculates the obstacle’s dimensions and transfers the data to a PC via the RC-232 interface.


	
		
			
				
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
	
	
	
	
		
			
				
			
			
				
				
			
			
				
				
				
				
			
		
	
	
		
			
				
			
			
				
			
			
				
				
				
				
			
		
	


	
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	

Figure 3: Electronic control system for the motor driver and others.


3. Accuracy and Reproducibility of Output Signal of PSD Sensor
The first step is to evaluate the potential of the IR range sensor (GP2D12 [16] produced by SHARP Corp.) used to detect obstacles; we focus here on the sensor performance attributes not described in the commercial data sheet.  This sensor unit has the following features.(1)Distance detection range (sensor to object) is 10 to 80 cm in the present case.  When GP2Y0A02YK is used, however, the distance detection range is 20 to 150 cm.  In this experiment, we employed GP2D12 because of easy verification of proposal.(2)IR source signal of one sensor interferes very little with the functioning of the other sensors.(3)The sensor is basically insensitive to object color and reflectivity.(4)The sensor is basically insensitive to room light.(5)Distance from the sensor to the floor can be detected even when the object surface is tilted.  However, the variation in range is significant when the tilt angle is large.(6)Low cost and small size.
As just described, the IR PSD sensor has many advantages over other sensors.  In some cases, however, there is a significant amount of electrical noise in the output signal when we consider some applications that demand the detection of slope angle.  This suggests that how accurately the sensor detects distance (
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				𝑙
				,
				𝑋
				2
			

		
	
) before an accurate sensor circuit block is designed has to be examined.
As an example, range data created by transforming the analog signals of the IR PSD sensors are shown in Figures 4 and 5; Figure 4 shows the output of the microcontroller when challenged with an 18 mm high upward step, and Figure 5 shows that for a 20-degree downward slope.  In both cases, the testing robot had a constant velocity on the floor.  In Figures 4 and 5, the thin lines are the unprocessed digital range data transferred from the microcontroller, while the bold lines are the range data after being passed through a median filter (window number 
	
		
			
				𝑁
				1
				=
				5
			

		
	
) (see the appendix).


	
	
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
	
		
	


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
	
		

Figure 4: Range data evolution when the robot is approaching an upward step.




	
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
	
	
		
	
	


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
	
		
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 5: Range data evolution when the robot is approaching a downward slope.


Figure 4 shows that the median filter is effective in removing the impulse noise.  It also shows that the filter yields a time delay, resulting in a 5 mm local position difference in the case of 
	
		
			
				𝑁
				1
				=
				5
			

		
	
.  The noise can be further reduced by increasing 
	
		
			
				𝑁
				1
			

		
	
, but at the cost of simultaneously increasing the time delay.  Because of this tradeoff, it is preferable to adjust 
	
		
			
				𝑁
				1
			

		
	
 to suit the application.
In Figure 5, the impulse noise is sufficiently removed at short distances as well as in Figure 4, but not at distances beyond 50 cm.  This is due to the sensor’s performance limitation [16]; when 
	
		
			
				𝑋
				1
			

		
	
 >50 cm, even a small voltage shift of output signal of sensor results in a large variation in range data.  When the angle between the IR-light beam from the sensor and the object surface increases, the IR signal returned attenuates, and the influence of room light becomes significant. This means that a downward slope yields a large variation in the detected signal.
4. Method of Extracting Spatial Values
In Section 4.1, how the sensing circuit block identifies steps, slopes, and trenches using the upper and lower sensors (PSD1 and PSD2) is described.  Section 4.2 describes the mathematical model that the sensing unit applies to the calculation of step height, slope angle, or trench width.  Section 4.3 details the results of experiments on the determination of step height, slope angle, and trench width.
In this chapter, it is assumed that the testing robot directly faces the obstacle (the width of which is taken to be effectively infinite).  Note that all the range data (
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, and 
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				𝑅
			

		
	
) displayed in the figures are the result of median filtering.  Results obtained assuming more practical situations are shown in Section 5.
4.1. How to Classify Slopes, Steps, and Trenches
First, the notations used in this section are explained.  
	
		
			
				𝑋
				1
			

		
	
 and 
	
		
			
				𝑋
				2
			

		
	
 stand for the distances given by PSD1 and PSD2, respectively.  When the testing robot runs on a flat floor, it is assumed that PSD1 and PSD2 yield distance data 
	
		
			
				𝑋
				1
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 and 
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				𝑜
			

		
	
, respectively.  In a practical situation, various noises in the data yielded by the sensors should be taken account of.  Accordingly, we introduce positive threshold values of 
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 and 
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				2
				𝑇
			

		
	
 to improve the detection reproducibility of distance data when determining whether the event (i.e., slope, step, or trench) has occurred.  When PSD1 outputs data satisfying the condition of 
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, the testing robot “thinks” that it is on a flat floor.  In this case, we say that S(PSD1) = “Flat”.  When PSD1 outputs data satisfying the condition of 
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				𝑋
				1
				𝑇
			

		
	
, the sensing circuit block “thinks” that it may be facing a slope, a step, or a trench.  In this case, we say that S(PSD1) = “NON-F”.  In the present experiment, we empirically set 
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				.
				8
			

		
	
 [cm] and 
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				𝑇
				=
				0
				.
				5
			

		
	
 [cm] by taking account of the noise level shown in Figures 4 and 5, respectively.  For example, the testing robot is running on a flat floor, when the “states” output by the 4 sensors are “flat”, and we use the following descriptions:
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Next, how the sensing circuit block uses the trigonometric method shown in Figure 6 in order to extract geometrical parameters of different slopes, steps, and trenches from data obtained is described.














	
		
			
		
			
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
		
			
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	



(a) Flat floor 















	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	















(b) Downward step






























	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	















(c) Upward step
































	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	















(d) Trench 














	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	















(e) Downward slope 














	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	















(f) Upward slope
Figure 6: How to classify slopes, steps, and trenches.  Mathematical algorithms are shown.



					(
	
		
			

				𝑎
			

		
	
) Flat Floor. When the sensing circuit block compares the range data to the threshold value given in the previous section, and PSD1 and PSD2 output data satisfying the condition of S(PSD1) = “FLAT” & S(PSD2) = “FLAT”, the sensing circuit block “thinks” that it is on a flat floor (see Figure 6(a)).  The equivalent mathematical relationship can be expressed as
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) Downward Step. When PSD1 and PSD2 output data satisfying the following condition, the sensing circuit block “thinks” that it is facing a downward step (see Figure 6(b)):
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) Upward Step. When PSD1 and PSD2 output data satisfying the following condition, the sensing circuit block “thinks” that it is facing an upward step (see Figure 6(c)):
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) Trench. When PSD1 and PSD2 output data satisfying the following condition, the sensing circuit block “thinks” that it is facing a trench (see Figure 6(d)).  In this case, the PSD sensor receives the IR signal reflected from the “side wall of the trench” or the IR signal reflected from the “bottom of the trench” as shown in Figure 7(c).  The algorithm in the following form cannot distinguish these two cases:
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							Details are discussed later.


	
		
	






	
		
	






	
		
	







	
		
		
	





	
		
		
			
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	


	
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
			
		
		
			
		
	



(a) Step 


	
		
	






	
		
	
















	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	


	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	















(b) Slope 


	
		
			
	


	
		
	






	
		
	







	
		
			
	






	
		
	






	
		
	







	
		
			
	



	
		
	





	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
		
			
		
	


	
		
	
	
		
	


	
		
	


	
		
	
	
		
	


	
		
	















(c) Trench
Figure 7: How to classify slopes, steps, and trenches.  Characteristic parameter extraction method is shown.
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) Downward Slope. When PSD1 and PSD2 output data satisfying the following condition, the sensing circuit block “thinks” that it is facing a down slope (see Figure 6(e)):
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) Upward Slope. When PSD1 and PSD2 output data satisfying the following condition, the sensing circuit block “thinks” that it is facing an upward slope (see Figure 6(f)):
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4.2. Equations to Calculate Slope Angle, Step Height, and Trench Width
Slope angle, step height, and trench width can be calculated from range data 
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.  Figure 7 visualizes the trigonometric techniques used.
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) Step Height. Step height 
	
		
			
				ℎ
				1
			

		
	
 is calculated using (8).  A schematic is shown in Figure 7(a): 
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							where 
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 is the angle of sensor signal against a flat floor (here, 
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 = 45°).  When 
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, a downward step is suggested, and when 
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, an upward step is suggested.
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) Slope Angle. Slope angle 
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 is calculated using (9).  A schematic is shown in Figure 7(b):
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							When 
	
		
			

				𝜃
			

		
	
 < 0, a downward slope is suggested, and when 
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 > 0, an upward slope is suggested.

					 (
	
		
			

				𝑐
			

		
	
) Trench Width. When the robot faces a trench, the sensor output differs between two cases: (i) the sensor signal is reflected from the bottom of the trench and (ii) the sensor signal is reflected from a side wall of the trench.  Initially, the sensing circuit block cannot judge which is correct.  A possible solution is to force the sensing circuit block to calculate two dimensions, trench depth and trench width.   Trench depth 
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 is calculated using the following equation:
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 is calculated by the next equation:
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.






Since all sensors are positioned so that their surfaces are angled at 45° against a flat floor, calculated values of 
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 and 
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				2
			

		
	
 are identical.  When the robot approaches the trench, the judgment of whether it can cross the trench depends on the diameter (
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				𝑤
			

		
	
) of wheels of testing robot.  Consider case (i).  When 
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				𝑤
			

		
	
 is much larger than the trench depth, the robot may be able to cross the trench.  Consider case (ii).  When 
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				𝑤
			

		
	
 is much larger than the trench width, the robot can go over the trench.  Therefore, the robot can pass through the trench for both cases, (i) and (ii), when 
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 or 
	
		
			
				ℎ
				2
			

		
	
 is much smaller than 
	
		
			

				𝐷
			

			

				𝑤
			

		
	
.  In other words, it is not necessary for us to distinguish cases (i) and (ii); we can apply (10) to decide whether the testing robot can go forward or not when the robot detects a trench.
In practical applications, the sensors do not always yield precise characteristic values to use the above equations because of various noises (including external disturbance) or spatial dispersion of the emitted IR signal.  This suggests the need for some additional method to guarantee the accuracy or the reproducibility of the characteristic values and judgment reliability; detail is given in Section 5.
4.3. Measurement Results: Step Height, Slope Angle, and Trench Width
Measurement results of a step height for which the testing robot should stop in front of a step are summarized in Table 1; 1000 sensing trials were averaged in each event of obstacle discovery, and the medial filter number (
	
		
			
				𝑁
				1
			

		
	
) was 5.  As is evident in Table 1, the variation of evaluated step height 
	
		
			
				ℎ
				1
			

		
	
 is very small; the difference between the maximal value and the minimal value is about 3 mm for the upward step and about 6 mm for the downward step.  We can see that the present evaluation technique does not always yield accurate data.
Table 1: Step height evaluation results in units of cm. 1000 sensing trials are averaged.  The medial filter number (
	
		
			
				𝑁
				1
			

		
	
) is 5. The real step height (
	
		
			
				ℎ
				1
			

		
	
) is 1.30 cm.
	

	 	Upward step height (cm)	Downward step height (cm)
	

	Mean value	1.30	
	
		
			
				−
				1
				.
				3
				3
			

		
	

	Max. value	1.45	
	
		
			
				−
				1
				.
				0
				0
			

		
	

	Min. value	1.18	
	
		
			
				−
				1
				.
				5
				6
			

		
	

	Variance	0.0057	0.0019
	



Measurement results of upward slope angle (
	
		
			

				𝜃
			

		
	
) are shown in Table 2; 1000 sensing trials were averaged in each event of obstacles, and the medial filter number was 5 or 21.  In the experiment, we assumed 3 cases for the horizontal distance (
	
		
			
				𝑑
				1
			

		
	
) between the front edge of the testing robot and the boundary of the flat floor and the slope, that is, 0 cm, 4 cm, and 7 cm.  The slope angles were 20°, 15°, and 10°. It can be seen in Table 2 that the averaged value of 
	
		
			

				𝜃
			

		
	
 basically increases with 
	
		
			
				𝑑
				1
			

		
	
.  In this study, the slope angle evaluation algorithm does not estimate distance 
	
		
			
				𝑑
				1
			

		
	
, and so the robot estimates characteristic values without stopping as it approaches the obstacle, resulting in a slight drop in accuracy.  It is also seen in Table 2 that a large 
	
		
			
				𝑁
				1
			

		
	
 value reduces the variation in estimated values,although many trials of measurement waste time before judgment.  In addition, for 
	
		
			
				𝑁
				1
				=
				2
				1
			

		
	
, the difference between the maximal value and the minimal value is not always reduced.
Table 2: Upward slope angle evaluation results in units of cm.  1000 sensing trials are averaged.  The medial filter number (
	
		
			
				𝑁
				1
			

		
	
) is 5 or 21. 
	

	Medial filter number (
	
		
			
				𝑁
				1
			

		
	
)	Real slope angle (deg.)	
	
		
			
				𝑑
				1
			

		
	
 (cm)	Mean value (deg.)	Max. value (deg.)	Min. value (deg.)	Variance (deg.)
	

	5	 	0.00	17.0	19.4	15.9	0.465
	20.0	4.00	18.9	21.0	17.5	0.561
	 	7.00	20.5	22.2	17.4	1.01
	 	0.00	14.7	16.5	13.0	0.218
	15.0	4.00	15.3	16.2	14.2	0.121
	 	7.00	16.1	18.7	12.8	1.89
	 	0.00	9.68	12.1	7.74	0.243
	10.0	4.00	10.3	13.4	7.84	1.36
	 	7.00	10.8	13.2	9.26	0.162
	

	21	 	0.00	16.9	18.1	16.5	0.0951
	20.0	4.00	19.7	20.5	18.9	0.110
	 	7.00	19.3	22.2	18.4	0.284
	 	0.00	14.6	15.3	13.0	0.104
	15.0	4.00	14.8	17.6	13.5	0.873
	 	7.00	15.5	16.3	14.8	0.129
	 	0.00	9.80	10.5	9.11	0.0630
	10.0	4.00	9.89	10.7	8.21	0.114
	 	7.00	9.40	11.5	8.59	0.255
	



Table 3 shows measurement results of downward slope angle.  As is evident in Table 3, the variation of measurement results is very large in contrast to the upward slope values.  This suggests the need to improve judgment reliability for practical applications.
Table 3: Downward slope angle evaluation results in units of cm.  1000 sensing trials are averaged.  The medial filter number (
	
		
			
				𝑁
				1
			

		
	
) is 21.
	

	Real slope angle (deg.)	
	
		
			
				𝑑
				1
			

		
	
 (cm)	Mean value (deg.)	Max. value (deg.)	Min. value (deg.)	Variance (deg.)
	

	
	
		
			
				−
				2
				0
				.
				0
			

		
	
	10.0	
	
		
			
				−
				1
				9
				.
				9
			

		
	
	
	
		
			
				−
				1
				3
				.
				7
			

		
	
	
	
		
			
				−
				2
				3
				.
				2
			

		
	
	2.06
	5.00	
	
		
			
				−
				1
				8
				.
				9
			

		
	
	
	
		
			
				−
				1
				0
				.
				4
			

		
	
	
	
		
			
				−
				2
				5
				.
				4
			

		
	
	7.69
	2.00	
	
		
			
				−
				1
				8
				.
				4
			

		
	
	
	
		
			
				−
				1
				0
				.
				4
			

		
	
	
	
		
			
				−
				2
				7
				.
				2
			

		
	
	10.3
	

	
	
		
			
				−
				1
				5
				.
				0
			

		
	
	10.0	
	
		
			
				−
				1
				4
				.
				6
			

		
	
	
	
		
			
				−
				1
				0
				.
				1
			

		
	
	
	
		
			
				−
				1
				8
				.
				0
			

		
	
	1.41
	5.00	
	
		
			
				−
				1
				4
				.
				2
			

		
	
	
	
		
			
				−
				1
				0
				.
				0
			

		
	
	
	
		
			
				−
				2
				1
				.
				7
			

		
	
	3.76
	2.00	
	
		
			
				−
				1
				4
				.
				5
			

		
	
	
	
		
			
				−
				1
				0
				.
				0
			

		
	
	
	
		
			
				−
				1
				9
				.