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Abstract: 

It is very difficult for visually impaired people to perceive and avoid obstacles at a distance. To address 
this problem, we propose a sensor fusion system, which combines the RGB-Depth sensor and millimeter wave 
radar sensor, to perceive the surrounding obstacles. The position and velocity information of the multiple 
target are detected by the millimeter wave radar based on the principle of frequency modulated continuous 
wave. The depth and position information of the obstacles are verified by the RGB-Depth sensor based on the 
MeanShift algorithm. The data fusion based on the Joint Probabilistic Data Association algorithm and Kalman 
filter enable the navigation assistance system to obtain more accurate state estimates compared with using 
only one sensor. The non-semantic stereophonic interface is utilized to transfer the obstacle detection results 
to the visually impaired people. The experiment results show that multiple object with different ranges and 
angles are detected by the radar and the RGB-Depth sensor. The effective detection range is expanded up to 
80 meters compared to using only the RGB-Depth sensor. Moreover, the measurement results are stable under 
diverse illumination conditions. As a wearable system, the sensor fusion system has the characteristics of 
versatility, portability and cost-effectiveness. 
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1. Introduction 

According to the data from the World Health Organization (WHO), 253 million people are estimated to 
be visually impaired worldwide, and 36 million are blind [1]. It is very difficult for visually impaired people 
(VIP) to perceive and avoid obstacles at a distance. To address this problem, we propose a sensor fusion system, 
which combines the RGB-Depth (RGB-D) sensor and millimeter wave (MMW) radar sensor, to perceive the 
surrounding obstacles and their positions. 

In the literature, navigation assistance systems based on RGB-D sensors have been investigated to help 
VIP to avoid obstacles [2-7]. The RGB-D sensors revolutionize the field of VIP aiding because of its 
outstanding performance. They provide much more information compared with the traditional assistive tools. 
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They are able to acquire color information and perceive three-dimensional environment in real time [8-11]. 
However, the RGB-D sensors, including light-coding sensors, time-of-flight (TOF) sensors and stereo cameras, 
could not detect obstacles at a distance and measure the velocity of objects.  

Notably, a VIP assistance system needs to deal with complex environments, such as time-varying 
environments and weather conditions. However, the detection range of low power light-coding sensors is too 
small in outdoor environment, especially in sunny environment [2,12]. The measurement results of TOF 
camera are sensitive to ambient light and show poor performance in outdoor environments [13,14]. The 
ranging results of remote objects derived from stereo cameras are not accurate, and the objects without 
abundant textures are not robustly detected [15,16]. Furthermore, it is difficult to measure the velocity of 
object using all these kinds of RGB-D sensors. 

In contrast, the range and velocity of the obstacles are obtained simultaneously using the MMW radar, 
and the accuracy of the range is satisfactory. The radar detection results are rarely influenced by the varying 
illumination and severe weather [17]. Meanwhile, the detection range could be very far compared with the 
RGB-D sensor. Thanks to the technological development, the MMW radar sensors have become small, low-
cost and accurate, which makes them especially suitable for portable low-power applications. Moreover, the 
single chip radar sensor has already appeared. However, the MMW radar has its own drawbacks, such as, the 
azimuth beam with of most MMW radars only cover more than several degrees due to the limited antenna 
distributions, which results in a low directional resolution compared with the camera. 

There are various advantages of fusing RGB-D sensor and radar sensor [18]. This fusion complements 
the drawbacks of each sensor and maximizes the capability of object detection and location in varying 
environments. The MMW radar provides with relatively high distance resolution and low directional 
resolution. However, the RGB-D sensor provides high spatial resolution but low accuracy in depth ranging. 
The high spatial resolution of the RGB-D camera enhances the directional resolution of the radar, and the high 
distance resolution of the radar improves the ranging accuracy of the RGB-D sensor. Meanwhile, the fusion 
system is able to fully utilize the complementary information coming from the different sensors, such as the 
shape and color information of the objects coming from the RGB-D sensor and the velocity information 
coming from the MMW radar sensor. Meanwhile, the sensor fusion system increases the overall system 
robustness to varying lighting conditions.  

Depending on the approach, fusion roughly takes place at three levels [19,20], which are prior to objects 
detection (bottom level) [21,22], during objects detection [23,24] and at the state level [25,26]. In our system, 
the fusion is performed at the objects detection level, which provides with the unique list of stationary and 
moving objects around VIP at every discrete time step. However, in multiple sensor systems, each sensor 
obtains the object detection results in separate coordinate systems. In order to transform these object detection 
results into a unified coordinate system, the calibration of pose between the two sensors is essential.  

In this paper, we propose a sensor fusion system based on the MMW radar and the RGB-D sensor to help 
VIP perceive and avoid the obstacles. The range, velocity and angle information of objects are measured by 
the MMW radar based on the principle of frequency-modulated continuous wave (FMCW), during which the 
linearity of the radar chirps is considered. The MeanShift algorithm is applied to the depth images to fulfill 
feature extraction, then the depth and position information of the obstacles are obtained. The calibration 
between the radar and RGB-D sensor coordinate is accomplished. The multiple target tracking task is 
accomplished with the method of Joint Probabilistic Data Association (JPDA) algorithm. The data fusion 
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based on the Kalman filtering is proposed to obtain more accurate state estimates. The non-semantic 
stereophonic interface is carried out to transfer the detection information to VIP. Furthermore, special attention 
is taken to assure the clock synchronization of data fusion.  

In addition to technical aspects, some other factors should be considered in VIP assistance domain, such 
as the price, dimension, weight and energy consumption of the assistive system. The main purpose of our 
research in this paper is to design a robust and cost-effective multiple object detection system to help VIP 
perceive and avoid obstacles. The rest of this paper is organized as follow. In the section 2, the related work 
is reviewed. In the section 3, we describe the design and implementation of the proposed data fusion system, 
which is composed of the RGB-D and radar sensor. The field tests and the user study are described in detail 
in section 4. Finally, in section 5, we draw the conclusions and give an outlook to future work. 

2. Related Work 

Several distinct research fields are related to our work presented in this paper, which include stereo vision, 
digital image processing, radar signal processing, multiple sensor fusion, multitarget detection and tracking. 
In this part, we focus on reviewing state-of-the-art multiple sensor fusion.  

In the literature, most research work focused on the fusion system composed of the radar and monocular 
vision. For example, Sugimoto et al. [27] proposed a calibration method between MMW radar and camera, 
which does not require estimation of rotation and translation between them, nor intrinsic parameters of the 
camera. They also proposed an obstacle detection method consisting of an occupancy-grid representation, and 
a segmentation technique which divides data acquired by radar into clusters. However, the segmentation 
method which only depends on the radar data is easily affected by the ground clutter. Wang et al. [21] presented 
a systematic scheme by fusing millimeter wave radar and a monocular vision sensor for on-road obstacle 
detection. They also presented a radar-vision coordinate calibration method and the potential obstacle 
detection algorithm. However, the method, which utilizes the shadows underneath the vehicle to estimate the 
left-right boundary, is not suitable for VIP assistance field which needs to consider versatile and complex 
environments. Kim and Jeon [28] presented a multiple object tracking system which combined a cheap radar 
module and a CCD camera. The data fusion method based on multiple Kalman filters had been proposed to 
process measurements from two different kinds of physical sensors. However, the radar was not able to give 
the angle of different objects. The data fusion would be inappropriate when two objects appeared at the same 
distance but in different directions. 

Only a few works have been dedicated to fusing the radar and the stereo vision system. Fang et al. [29] 
proposed a sensor fusion method that makes use of coarse target depth information provided by radar or the 
stereo vision system to segment target locations in video images. The segmentation algorithm is clear, but the 
target depth information provided by the radar might be erroneous measurement because of the ground clutter. 
Wu et al. [22] proposed a fusion approach to accurately estimate the location, size, pose and motion 
information of a threat vehicle by using both stereo cameras and radar. However, the method of contour point 
extraction and contour fitting was complex and not necessary because the measurement results of the stereo 
cameras were not accurate when the objects were too remote. Kim et al. [30] developed a firefighting robot 
system based on the stereo infrared vision and radar sensor to solve the obstacles detection in fire smoke-filled 
environments which feature low visibility and high temperature. They also described the basic principle of 
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FMCW radar and the image processing algorithm. However, the ability of the radar was limited, and the 
direction of different objects was not confirmed. The matching strategy of obstacles close to each other, which 
are detected by the stereo vision and radar, is not considered. Molchanov et al. [31] proposed a multiple sensor 
system for accurate and power efficient recognition of dynamic hand gesture for car drivers, by using a short-
range radar, a color camera, and a depth camera. They employed convolutional deep neural networks to fuse 
data from multiple sensors and to classify the gestures. However, the detectable range of this system was less 
than one meter and was not fit for within VIP assistance domain. Ćesić et al. [19] addressed the detection and 
tracking of moving objects by using a radar and a stereo camera. They proposed a data fusion method based 
on the extended Kalman filter on Lie Groups and the joint integrated probabilistic data association filter. They 
built the accurate uncertainty modeling at the same time. However, this system was designed for the advanced 
driver assistance systems (ADAS), while its size was big, and its energy consumption was great. Obrvan et al. 
[20] proposed a method for vehicle detection by employing stereo vision system and radar units. The contour 
extraction algorithm was executed based on only stereo image then generating the information about the 
vehicles’ position. But the radar readings were only used to verify the detections basing on the stereo vision, 
and the fusion results were not stated. 

There is almost none specialized radar and stereo vision fusing system for VIP assistance. Although 
plenty of related work have been done to achieve objects detection by fusing the radar and the stereo vision 
system, most of them are part of automobile ADAS. Compared with these works, the main advantages of our 
system can be summarized as follows: 

 The fusion system based on the low power MMW radar and the RGB-D sensor is specially optimized 
to help VIP perceive and avoid the obstacles. This system has the characteristics of small size, low 
energy consumption and cost-effectiveness. 

 The RGB-D sensor uses a combination of active projecting and passive stereo matching, which has 
a good environment adaptability. The image processing, such as contour extraction, is executed at 
the depth image. The MMW radar has the ability of angle distinguish, and the angle resolution is 
about 15°. The matching problem of two same range obstacles in different directions to be detected 
by the RGB-D sensor and radar is solved.  

 The sensor fusion is performed at the objects detection level. The coordinate calibration between the 
RGB-D sensor and the MMW radar is accomplished. 

 This assisting system uses a non-semantic stereophonic interface to transfer the detection results to 
VIP. 

3. Methodology 

In this section, the system hardware configuration is detailed described firstly. Then the FMCW basic 
principle and the feature extraction on the depth image are introduced. The calibration between the RGB-D 
sensor coordinate and the MMW radar coordinate is achieved. At last, the data fusion and the non-semantic 
stereophonic interface are presented. 
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3.1 System configuration  

In our application, we have utilized Intel RealSense R200 stereo vision system [32] and a TI short range 
radar evaluation board [33], as illustrated in Figure 1(a). They are mounted on a framework fabricated by 3D 
printing and their position is fixed. The sensors are closely spaced at about a same plane, while the sensor 
fusion is performed at the objects detection level. Since the radar measurements is coarse in nature, the current 
fixed mode is sufficiently precise to achieve the data fusion.  

 
Figure 1. The hardware configuration. (a) Experimental platform equipped with the RealSense R200 and the TI short 

range radar evaluation board. The size of the R200 and radar evaluation board is so small that they are portable, and a credit 
card is placed nearby for comparison. They are closely mounted on a framework fabricated by 3D printing and their position 
is fixed. (b) The RealSense R200 module is shown without reinforcement frame, it includes two infrared cameras (right and 
left), an infrared laser projector, a color camera and an image processor. 

The RealSense R200 developed by the Intel company uses a combination of active projecting and passive 
stereo matching [32], as shown in Figure 1(b). It includes two infrared cameras (right and left), an infrared 
laser projector, a color camera and an image processor. The infrared laser projector projects static non-visible 
near-infrared patterns on the scene [2], then the scatter is acquired by the right and left infrared cameras. The 
image processor generates a depth map through the embedded stereo-matching algorithm. With the principle 
of active projecting and passive stereo matching, the performance of RealSense R200 is excellent under indoor 
and outdoor circumstances [2]. The R200 is quite suitable for VIP navigation because of its environment 
adaptability, small size and cost-effectiveness. 

However, the effective depth range of the RealSense R200 is short, and the range accuracy is reduced 
when the depth exceeds the general detectable range of 650-2100 mm [2]. On the contrary, the range accuracy 
of the MMW radar based on the principle of FMCW is high and the measurements results are stable. We take 
the TI short range radar system in our system. The TI IWR1642BOOST evaluation board, as shown in Figure 
1(a), is a short-range radar system basing on the IWR1642 radar chip[33]. The IWR1642 device is an 
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integrated single-chip MMW sensor based on FMCW radar technology capable of operation in the 76 to 81 
GHz band with up to 4 GHz continuous chirp. The IWR1642 is an ideal solution for low-power, self-monitored, 
ultra-accurate radar systems in the industrial and consumer electronics applications. 

The sensor features and the Field of View (FOV) also need to be considered. The RealSense R200 uses 
a combination of active projecting and passive stereo matching. The color camera image resolution is 1920×
1080 pixels with rolling shutter, the horizontal and the vertical field of view is 70° and 43° respectively. The 
experiments are carried out at the resolution is 640×480 pixels in order to improve the efficiency. Meanwhile, 
we want to project depth information into a color map to get the depth information of the corresponding data 
point. And depth images produced by the infrared camera is 640×480 pixels, the horizontal and the vertical 
field of view is 59° and 46° respectively. The stereo image synchronization is executed internally, while the 
results are recorded in the auto-exposure mode of the camera. The antenna FOV of the MMW radar 
(IWR1642EVM) is ±60° with angular resolution of approximately 15°.  

3.2 Frequency modulated continuous wave 

FMCW radar is a technique that obtains range and velocity information from a radar by the way of 
frequency modulating a continuous signal[34]. The frequency modulation takes many forms, and the linear 
frequency modulation is the most common used. The basic principle of the sawtooth modulation is illuminated 
in Figure 2.  

The transmitted signal is frequency modulated by a periodic saw-wave [35]. The received signal is a copy 

one including the frequency shift (Doppler shift, df ) and the time delay τ , as shown in Figure 2(a). The 

BWf  is the modulation bandwidth, and T  is the modulation period or sweep time. The Doppler shift is 

caused by the relative motion between the object and the radar. The signal traveling between the object and 
the radar causes the time delay. The frequency difference between the transmitted and received signal is called 
“beat frequency”, which carries the range and velocity information, as shown in Figure 2(b). For saw-wave 
modulation, the range and velocity of the objects are difficult to measure because of the Range-Doppler 
coupling effect. We obtain the range, velocity and angle information of different objects through three FFT, as 
shown in Figure 2(c). 
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Figure 2. The basic principle of the FMCW radar with the sawtooth shape modulation. (a) The transmitted and received 

signal. (b) The corresponding beat frequency. (c) The beat signal processing flow.  
We acquire a number of chirps’ ADC data, organize them in the form of a matrix, where each column of 

the matrix stands for the beat signal of a single chirp (Figure 2(c1)). This single chirp beat signal consisting 
of multiple target should be processed using a Fast Fourier Transform (FFT) in order to separate the different 
range objects. Fourier transform processing will result in a frequency spectrum that has separate peaks and 
each peak denotes the presence of an object at a specific distance. This processing is called the range-FFT and 
the result is shown in Figure 2(c2). The range-FFT corresponding to each chirp will have peaks in the same 
location, but with a different phase. The measured phase difference corresponds to the moving velocity.  

However, the velocity measurement method based on the two close chirps does not work when multiple 
moving objects with different velocities and same distance to the radar appear at the time of measurement. An 
FFT on the sequence of phasors corresponding to the range-FFT peaks resolves this problem nicely. This 
processing is called the Doppler-FFT and the result is shown in Figure 2(c3). 

The range-FFT and Doppler-FFT do not work when two objects with equidistant and same velocity 
relative to the radar appear. Then the angle of arrival needs to be estimated. Angle estimation is based on the 
phase change in the peak of the range-FFT or Doppler-FFT because of differential distance from the object to 
each of the antennas, which requires at least 2RX antennas. Similarly, a FFT on the sequence of phasors 
corresponding to the 2D-FFT (range-FFT and Doppler-FFT) peaks resolves the angle estimation problem. 
This is called angle-FFT and the result is shown in Figure 2(c4). 

After three FFT, the range, velocity and angle information of objects are obtained. Besides these above 
issues, some other problems need to be considered, such as, the pre-processing of the raw ADC data, the 
constant false alarm rate (CFAR), and so on. However, these topics are out of scope of this paper and not 
discussed.  
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3.3 Linearization 

The linearity quality of the chirps has a direct effect on the beat signal, as the Figure 2(a) manifested, 
then the range measurement precision is affected. Methods for linearizing FMCW radar signal can be 
classified into two categories, open-loop and closed-loop methods [36]. Closed-loop methods act continually 
during the radar signal transmission to ensure a continuous frequency lock [36], which offers high linearity 
performance. The IWR1642 device has an excellent chirp linearity based on the closed-loop PLL which is 
used to synthesize the precise and linear chirp. The device also includes a built-in radio processor for RF 
calibration and safety monitoring. 

In order to evaluate the linearity of chirps and the reliability of radar, we performed the verification 
experiment with a stationary trihedral corner (diameter about 12 inches), as shown in Figure 3(a)(b). The 
trihedral corner is placed in front of the radar, while different distances are measured by the radar. The real 
distances between the trihedral corner and the radar are measured at the same time using the laser range finder 
and the ruler. The observed relationship between the radar measurements and the real distances is shown in 
Figure 3(c). The deviation between the radar measurement and the real distance is very small, which illustrates 
that the chirp linearity is very good. The strongly linear nature of this relationship is one of the important 
evidences for the high reliability of the radar system. 

 
Figure 3. The verification experiment on the linearity of chirps and the reliability of radar. (a) The trihedral corner is 

placed in front of the radar. (b) The radar trihedral corner used in this paper. (3) The relationship between the radar measured 
distance and the corresponding real distance.  

3.4 Feature extraction 

The main goal of the feature extraction on the depth image is to detect stationary and moving objects in 
the scene. However, this paper focuses on the fusion of two sensors, hence the feature extraction on the depth 
image is only briefly described. 

Compared with the ordinary digital image processing on the color image, this paper achieves the objects 
detection function on the depth image produced by the RealSense R200. As the Figure 4 shown, the obstacles 
are detected in indoor and outside environment, the color images are shown in Figure 4(a1-a4), and the depth 
images are shown in Figure 4(b1-b4). The MeanShift algorithm [37] is applied to detect the objects in the 
depth images, the detection results are shown in Figure 4(c1-c4). The detected objects are indicated by the red 
bounding box. The application domains of the MeanShift algorithm include cluster analysis in computer vision 
and image processing. Herein, we use the MeanShift to detect objects with the help of depth differences in the 
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depth images and achieve it using the OpenCV.  
We utilize the depth images directly produced by the RealSense R200. The IR projector of the R200 

projects static non-visible near-IR patterns on the scene, which is acquired by the left and right IR cameras. In 
texture less indoor environments, such as the a1 and a2 scene in the Figure 4, the projected patterns enrich 
textures, which makes the depth images dense within a certain distance. However, in sunny outdoor 
environments, the projected patterns are partly submerged by sunlight. And the power of IR laser projector is 
limited. Simultaneously, for the stereo cameras, since depth error increases with the increase of the depth value, 
stereo cameras are prone to be unreliable in the distance. These make the depth information of the R200 much 
less accurate than that in the normal working distance ranging from 650-2100 mm.  

In addition, the FOV of the IR projector and the IR camera is limited. Both vertical and horizontal FOV 
of the R200 IR projector are 60 5° ± ° . The vertical and horizontal FOV of the R200 IR camera is 46 5° ± °  
and 59 5° ± °  respectively. These reasons make the metal bar object bottom part lack the effective reflected 
near-IR patterns, the depth images disappear at the corresponding region, and the depth error occurs, such as 
the a3 and a4 scene in the Figure 4. 

The distance of the detection object is decided by the average depth in the red bounding box. The 

detection object coordinates ( ),u v  in the pixel coordinate system is the center of the red bounding box, then 

the coordinate ( ), y ,c c cx z  of the detection object in the camera coordinate system is acquired with the help 

of the camera intrinsic and extrinsic parameters. 

 
Figure 4. The object detection and feature extraction on the depth image. (a1-a4) The color images, the objects are 

detected in indoor and outside environments. (b1-b4) The depth images. (c1-c4) The detection results based on the MeanShift 
algorithm, the objects are indicated using the red bounding box. 

3.5 Calibration 

In multiple sensor system, each sensor performs measurements in its own coordinate system. Thus, one 
needs to transform these measurements into a global coordinate system.  
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Figure 5. The RGB-D sensor coordinate and MMW radar coordinate. 

In this paper, the standard pinhole model is assumed for the camera. As shown in Figure 5, the ( ), ,c c cx y z  

and ( ),u v  are the camera coordinate and the image plane coordinate respectively. The relationship between 

them is described as equation (1). The xf  , yf  , xc  , and yc   are the ,x y   direction focus length and 

principal point coordinates respectively, and the K  is the matrix of intrinsic parameters. 
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The position of a target is represented as ( ), ,r r rx y z  in radar coordinate, as shown in Figure 5. The ry  

coordinate has no meaningful value since the radar just gives azimuth information in 2D with no information 
on pitch angle in the 3D plane. The calibration matrix RTM  (including the rotation R and translation T) 

between the camera coordinate ( ), ,c c cx y z  and the radar coordinate ( ),r rx z  is obtained through 
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where the calibration matrix RTM  is made up of 9 elements. We use the linear least square (LS) method with 
the help of 46 data points to estimate the calibration matrix RTM . Image and radar targets are extracted and 
matched manually, then the matched data point is acquired, as the Figure 6 shown. The 5 targets are placed at 
different height and depths, as the color image shown in the Figure 6(a). They are detected by the RGB-D 
sensor and MMW radar simultaneously, and the detection results are shown in Figure 6(b) and (c) respectively. 
The corresponding pixels on the depth image and the radar detection points are matched manually, then the 
matched data point is acquired. We manually select the region with accurate depth to accomplish this 
calibration. More different matched data can be obtained by changing the relative position of the sensors and 
targets.  
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Figure 6. The processing procedure of the matched data point. (a)The color image including 5 targets which are placed 

at different height and depths. (b)The RGB-D sensor detection results. (c) The MMW radar detection results. The 
corresponding pixels on the depth image and radar points are matched manually, then the matched data point is acquired.  

In our paper, the calibration matrix RTM  between the RGB-D sensor coordinate and the MMW radar 
coordinate is: 

 
1.0225 0.0039 0.0129
0.0315 0.0099 0.1309
0.0269 1.0190 0.0107

RTM
− − 

 = − 
 − − 

  (3) 

Compared with the ordinary color images, the object which is detected by the MMW radar becomes a 

line when it is projected onto the depth image, because the ry  coordinate has no meaningful value in the 

radar coordinate system. The actual effect is shown in Figure 7. The object is detected by the RGB-D sensor 
and MMW radar at the same time. The MMW radar detection result is projected on the depth image and 
represented by the green line. 

 
Figure 7. The object is detected by the RGB-D sensor and MMW radar simultaneously. (a)The color image. (b)The depth 

image, the MMW radar detection result is projected on the depth image and represented by the green line.  
As shown in Figure 7(b), the red bounding box is the detection result of the RGB-D sensor, its depth 

value (2.906 m) is different from the radar detection result (2.961 m). It is very necessary to fuse the 
information from these two different sensors together to improve the stability and accuracy of the whole 
system. The fusion method based on the Kalman filter is described in the next subsection.  
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3.6 Data fusion 

As mentioned above, the object position in x z−  plane is measured by the two sensors. After calibration, 
we obtain two sets of measurements on the common plane. Considering the sensors resolution, noise and 
errors, we propose data fusion based on Kalman filtering [28] to obtain more accurate state estimate.  

Intuitively, the detection results are more reliable when collecting as many data as possible. However, 
just collecting data from different sources without efficient fusion rule could seriously degrade the quality of 
an estimate even with large amount of data [28]. Therefore, we propose data fusion methods based on the 
Kalman filter. The fundamental formulation of the Kalman filter is a Bayesian filtering framework. The 
Kalman filter is a set of mathematical equations that provides an efficient computational means to estimate 
the state of a process, in a way that minimizes the mean of the squared error [38]. The filter is very powerful 
in several aspects. Here, we apply it in multiple sensor data fusion. 

The Kalman filter achieves the data fusion function based on the predict and update algorithm. Here, we 
introduce the multivariate form equations of the Kalman filter briefly. 

Prediction: 

 
T

x Fx Bu

P FPF Q

= +

= +
,  (4) 

where ,Px  are the state mean and covariance. F  is the state transition function, when multiplied by x  it 

computes the prior. Q  is the process covariance. u  is the control input, and B  is the control input model 
or control function.  

Update: 
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where, H  is the measurement function. ,z R  are the measurement mean and noise covariance. y  and K  
are the residual and Kalman gain. In this paper, the z  matrix is composed of the RGB-D detection result 

( ), ,x y z   and the MMW radar detection result ( ), ,x z v  . The x   matrix is the data fusion result, that is 

( ), , ,x y z v  . The B   and u   parameters are ignored. The Q   and R   matrix are optimized based on the 

characteristics of the sensor fusion system and the data fusion performances. The specific implementation of 
the Kalman filter is accomplished using OpenCV.  

The main task of the data fusion is to detect the position and velocity information of multiple object with 
more than one sensor and fusion them. However, the Kalman filter, which is unimodal, is not able to achieve 
the multiple object information fusion at the same time. The JPDA algorithm [19,28], which is one of most 
efficient data association algorithms under cluttered environments, approaches the multiple target tracking 
problem. The JPDA algorithm calculates the association probabilities to the target being tracked for each 
validated measurement at the current time [39]. This probabilistic or Bayesian information is used in the JPDA 
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tracking algorithm, which includes the steps of prediction, measurement validation, data association and state 
estimation. The detailed instructions and calculation steps are explained in the literature [39], here we are no 
longer to repeat.  

So far, we have discussed the object detection and data fusion framework for the proposed algorithm, as 
the Figure 8 shown. Multiple obstacle is detected by the MMW radar and the RGB-D sensor respectively. The 
MMW radar detection results based on the principle of FMCW are objects position and velocity information. 
Meanwhile, the target positions are detected by the RGB-D sensor depending on the MeanShift algorithm. 
The detection results from these two different sensors are calibrated in the depth image. The data fusion is 
achieved with the help of JPDA and Kalman filter. The fusion results are sent to the VIP through the non-
semantic stereophonic interface, which is explained in the next sub-section. 

 
Figure 8. The objects detection and data fusion framework. 

3.7 Multi-target Warning through the Non-Semantic Stereophonic Interface 

Although VIP suffer from impaired vision, their hearing could be used to perceive the detection results. 
The amount of information transmitted by ordinary semantic speech delivery is limited. It is only used when 
the dangerous situation appears, such as a fast-moving car passes through the road. The non-semantic 
stereophonic interface [40] is utilized at all times. At the hardware level, we use Bluetooth bone conduction 
headphones. In this way, the user’s ears are not blocked and the user can continue to capture the other external 
sounds from the surrounding environment. 

Considering the FOV and other characteristics of these two sensors, we established the sonification 
criteria. The detected obstacles are described in camera coordinate system. We project the detected obstacles 
to the polar coordinate system on the ground and split the polar coordinate space into five sections in azimuth 
dimension, as shown in Figure 9. The horizontal FOV of the RGB-D sensor infrared camera is about 60°. 
However, the horizontal FOV of the MMW radar is about ±60°. The data fusion results are only appeared in 
the intersection area of these two different sensors, thus the angle of each section is about 12°. The dangerous 
obstacles, which is out of the data fusion area, detected by the MMW radar are informed to the VIP by the 
ordinary semantic speech.  
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Figure 9. Non-semantic stereophonic interface of the assisting system. 

As shown in Figure 9, the black thin lines indicate the section boundaries and the blue dotted lines imply 
the different ranges. Our sonification method utilizes five carefully chosen musical instruments to represent 
obstacles. This idea comes from the symphony and is more aesthetical. VIP should first distinguish different 
sections through the timbre and azimuth of musical instruments and then estimate the obstacles distance 
through the loudness, pitch as well as the tempo. The musical instrument in the middle section is gong, which 
has the most distinctive timbre and is quite easy to distinguish from the other instruments. The sound of the 
gong means there is an obstacle in the front and you cannot go straight. The musical instruments besides the 
gong is the piano and the marimba. Their timbres are similar but not as prominent as the gong. The sound of 
the piano and marimba means there are obstacles on the left or right side of the front area and if VIP don’t 
adjust their walking direction according to the feedback, there is still a risk of collision. The leftmost and 
rightmost musical instruments are clarinet and bass. Their timbres are completely different from other musical 
instruments since they are string instrument and woodwind instrument respectively. The obstacle represented 
by clarinet and bass will not block VIP from walking forward. VIP can perceive the distribution of obstacles 
in more details by slowly turning the head and listening to the change of these musical instruments during 
actual use. Meanwhile, the velocity of the obstacles is mapped on the pitch parameters. Then, VIP could 
perceive the velocity information through pitch parameter. Then they know the position and velocity 
information of the detected obstacles after the data fusion.  

This multi-target warning system based on the non-semantic stereophonic interface could achieve the 
multiple obstacle warning simultaneously, which makes VIP perceive the surrounding environment quickly. 
It is also well compatible with multi-sensor fusion detection results.  

4. Experiments 

In order to test and verify the performance of our sensor fusion system, the experiments are designed and 
performed, which are composed of the field tests and the user study. The sensors, which are introduced in the 
sub-section 3.1, are connected to a portable PC (with I5-6300@2.4GHz, 8G RAM) by the USB port. The 
portable PC is mainly responsible for the digital image processing, data fusion and creating the non-semantic 
stereophonic and ordinary semantic speech. The bone-conducting headphone that does not block VIP’s ears 
from hearing environmental sounds is applied, which is connected to the PC by the Bluetooth. In this manner, 

mailto:I5-6300@2.4GHz
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the proposed data fusion system achieves the running speed of around 10 FPS. 

4.1 Field tests 

The field tests are designed and performed with different surroundings, as shown in Figure 10. The color 
images are presented in a1-a7, the targets are detected with different surroundings. The depth images produced 
by the RGB-D sensor are shown in b1-b7. The depth images detection results based on the MeanShift 
algorithm are represented by the red bounding boxes. Meanwhile, the detection results of the MMW radar are 
projected on the corresponding depth images, which are represented by the green lines. The multiple target 
tracking results based on the JPDA algorithm, which represented by numbers, are shown in c1-c7. The data 
fusion results based on the Kalman filter, which includes the position information (x, y, z coordinate) and the 
velocity information, are labeled in the depth images. They are described in d1-d7. 

In the scenario 1, a red car is parked on the roadside at noon when the sunlight is very strong, as the 
Figure 10(a1) illustrated. The depth image coming from the RGB-D sensor is very sparse because of the 
illumination. The car could not be detected by the RGB-D sensor, as the Figure 10(b1) shown. Nevertheless, 
the MMW radar detection result is stable, the detection and track results are described at Figure 10(b1) and 
(c1) respectively. The data fusion result is shown in Figure 10(d1), which only includes the ,x z  coordinate 
and the velocity information because of lacking the information from the RGB-D sensor. Similarly, a car is 
parked on the roadside at nightfall in the scenario 2, as shown in Figure 10(a2). It is not found in the depth 
image because the quality of the depth image declines when the lights dim. The MMW radar detection results, 
by contrast, are stable. The detection and track results of the MMW radar and the RGB-D sensor are described 
in Figure 10(b2) and (c2), while the last data fusion results are shown in Figure 10(d2), which reveals the 
effectiveness of our approach even with low illumination. In this sense, our fusion system enhances the 
robustness of obstacle detection across different illumination conditions. 
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Figure 10. The field tests are performed in indoor and outdoor. (a1-a7) The color images, the targets are detected with 

different surroundings. (b2-b7) The depth images and the detection results, the MMW radar detection results are represented 
by the green lines, and the RGB-D sensor detection results are represented by the red bounding boxes. (c1-c7) The targets 
tracking results based on the JPDA algorithm, represented by the Arab numbers. (d1-d7) The data fusion results, the position 
information, x, y, z coordinate, and the velocity information are labeled in the depth images. 

Since the effective detection range of the RealSense R200 is only about 0.6m to 10m, it is necessary to 
be able to detect a dangerous obstacle from afar, such as a fast-moving car crossing the street. The MMW 
radar is an appropriate sensor to achieve this function. In the scenario 3, a car appears at about 50 meters away, 
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shown in Figure 10(a3). It is not found in the depth image because of the limited perception range of the RGB-
D sensor, as described in Figure 10(b3). Still, the car is correctly detected with the help of the MMW radar, 
and the detection and track result are indicated in Figure 10(b3) and (c3), respectively. The data fusion result 
except the y  coordinate information is labelled in Figure 10(d3). In this regard, the effective detection range 
of the fusion system has been significantly expanded (maximum to 80 meters for a car) compared to the 
detection with only RGB-D sensor. 

Compared with the above situations, RGB-D sensor could detect the obstacles at most cases when the 
illumination and distance are suitable for its perception. As shown in Figure 10(a4) and (a5), one or multiple 
person stands in the hallway. The detection results from the RGB-D sensor and the MMW radar are described 
in Figure 10(b4) and (b5). The track results could be found in Figure 10(c4) and (c5). The obstacles detection 
information, the , ,x y z  coordinate position and the velocity information, is decided by the sensor fusion, 
which is mapped and labelled in the depth image, as shown in Figure 10(d4) and (d5). The y  coordinate is 
added compared to the detection with radar only. The velocity information is added and the z  coordinate is 
more accurate compared to the detection with only RGB-D sensor. Meanwhile, the field tests are performed 
at the outside, as shown in Figure 10(a6) and (a7), one or multiple radar trihedral corner is placed in a courtyard. 
The detection, tracking and data fusion results are similar to the indoor experiments, which are illuminated in 
Figure 10 (b6)(b7), (c6)(c7) and (d6)(d7) respectively. Compared with the single RGB-D sensor or the single 
MMW radar, the data fusion enriches the detection results, increases the accuracy and improves the robustness 
of the prototype. 

In order to analyze the detection, tracking and fusion effect in different scenes quantitatively, we save the 
field test processing results respectively and then give the statistical results, which are shown in Table 1. 
During the experiments, we record the corresponding video, then analyze each frame of them. The tracking 
process of the radar detection result and RGB-D sensor detection result is executed respectively. The data 
fusion is accomplished after the radar tracking being succeeded when only radar works. When the radar and 
RGB-D sensor works simultaneously, the data fusion is carried out after the last sensor accomplishing the 
tracking. 

Table 1. The detection, tracking and fusion statistical results 
Scene 1 2 3 4 5 6 7 

Total images 142 167 157 118 153 125 134 

Radar detection 
141 167 157 118 153 125 134 

99.3% 100% 100% 100% 100% 100% 100% 

RGB-D detection 
1 2 0 118 135 120 130 

0.7% 1.2% 0.0% 100% 88.2% 96.0% 97.0% 

Radar Tracking 
127 160 149 110 145 117 128 

89.4% 95.8% 94.9% 93.2% 94.8% 93.6% 95.5% 

RGB-D Tracking 
0 0 0 105 133 110 118 

0.0% 0.0% 0.0% 89.0% 86.9% 88.0% 88.1% 

Fusion 
127 160 149 105 133 110 118 

89.4% 95.8% 94.9% 89.0% 86.9% 88.0% 88.1% 
According to the statistical results from Table 1, the MMW radar detection results are stable when the 

scene changes. The obstacles are detected successfully by the radar in all frames except one frame in the scene 
1. However, almost no effective targets are detected by the RGB-D sensor in the scene 1, 2 and 3 because of 
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the improper illumination and detection distance. The percentage of obstacles detected by the RGB-D sensor 
in scene 4, 5, 6 and 7 is 100%, 88.2%, 96.0%, 97.0% respectively, which shows that most obstacles could be 
perceived when the environment is proper. It takes several frames to accomplish the tracking function after 
the detection owing to the JPDA algorithm. For the RGB-D sensor, it takes about 13 to 20 frames to complete 
the tracking according to the data in the scene 4, 5, 6 and 7. Compared with the RGB-D sensor, the radar 
requires fewer frames to achieve the tracking because of the fewer feature points. With the help of tracking, 
accidental detection error in someone frame can be avoided. The data fusion based on the Kalman filter is 
achieved when the obstacles are tracked successfully. There are about 89.4%, 95.8%, 94.9% images prompting 
data fusion results in the scene 1, 2 and 3 when only radar works. Contrast, when the radar and RGB-D sensor 
work simultaneously, there are about 89.0%, 86.9%, 88.0%, 88.1% images prompting data fusion results in 
the scene 4, 5, 6 and 7 respectively. Compared with only one radar sensor, although the data fusion between 
the radar and RGB-D sensor takes more time, we could get more accurate state estimation and more robust 
measurement results.  

The field tests show the different ranges and angles of the objects are calculated by the MMW radar based 
on the principle of FMCW. The feature extraction on the depth image is achieved based on the MeanShift 
algorithm, and the depth and position information of the obstacles is obtained. The obstacles are tracked 
successfully based on the JPDA algorithm. The data fusion is achieved by the Kalman filter method. The 
obstacles effective detection range is expanded compared to the detection with only RGB-D sensor. With the 
help of the data fusion, we have achieved more accurate state estimation and rich information. Moreover, the 
measurement results are stable under diverse illumination conditions. 

4.2 The performance evaluation at different ranges 

In order to verify the performance of our sensor fusion system at different ranges, the experiments are 
designed and performed. As shown in Figure 11, the car is placed at roadside. We measure the different 
distances between the car and our system, and the distance of 2m, 4m, 8m, 15m, 20m, 30m and 40m are 
selected. The 50-meter leather tape box ruler is placed on the ground to get the accurate range. The color 
images are presented in a1-a7. The depth images are shown in b1-b7, and the detection results are represented 
by the red bounding boxes. Meanwhile, the detection results of the MMW radar are projected on the 
corresponding depth images, which are represented by the green lines. The multiple target tracking results 
based on the JPDA algorithm, which represented by numbers, are shown in c1-c7. The data fusion results 
based on the Kalman filter, which includes the position information (x, y, z coordinate) and the velocity 
information, are labeled in the depth images. They are described in d1-d7. 

The car is detected by the depth images and the MMW radar simultaneously when the distance is 2m and 
4m, as the Figure 11 (b1) and (b2) said. Then, the detection results are successfully tracked, as shown in (c1) 
and (c2). At last, the data fusion results are labeled on the depth images, as the (d1) and (d2) illustrated. 
However, the depth images lack effective detection information when the distance exceeds 4m. By contrast, 
the MMW radar still keeps accurate range perception ability, as shown in b3-b7. We get the distance between 
the car and our system through the data fusion, as the d3-d7 illustrated. But the y coordinate is meaningless 
due to the lack of the effective detection information coming from the depth images. At last, the RGB-D sensor 
detection results, the MMW radar detection results, the data fusion results and the corresponding ground truth 
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at different ranges are listed in the Table 2. It can be seen that the distance measurement accuracy is high and 
keeps stable at different ranges with the help of RGB-D sensor and MMW radar.  

 
Figure 11. The performance evaluation at different ranges. (a1-a7) The color images, the targets are detected with 

different ranges, which are 2m, 4m, 8m, 15m, 20m, 30m and 40m. The 50-meter leather tape box ruler is placed on the ground 
to get the accurate range. (b2-b7) The depth images and the detection results, the MMW radar detection results are represented 
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by the green lines, and the RGB-D sensor detection results are represented by the red bounding boxes. (c1-c7) The targets 
tracking results based on the JPDA algorithm, represented by the Arab numbers. (d1-d7) The data fusion results, the position 
information, x, y, z coordinate, and the velocity information are labeled in the depth images. 

 
Table 2. The detection and fusion results at different ranges 

Scene a1 a2 a3 a4 a5 a6 a7 

RGB-D (m) 1.978 3.859 - - - - - 
Radar (m) 2.093 4.042 7.935 15.015 20.142 30.029 39.917 

Fusion Data (m) 2.018 3.989 7.935 15.015 20.142 30.029 39.917 
Ground Truth (m) 2 4 8 15 20 30 40 

Fusion Deviation (m) 0.018 -0.011 -0.065 0.015 0.142 0.029 -0.083 
Relative Error (%) 0.9 0.275 0.8125 0.1 0.71 0.097 0.2075 

 

4.3 User study 

An experiment is carried out to check the effect of the non-semantic stereophonic interface. There are six 
volunteers participated in this user study. The RGB-D and MMW radar sensors are in hand, the Bluetooth 
bone conduction headphones are worn by the volunteers and the portable PC is put in the backpack, as the 
Figure 12(a) shown. The experiment field is composed of four radar trihedral corners, which are simulated the 
obstacles in lives and placed in the courtyard, as the Figure 12(b) depicted. The size of this test field is about 
10m×8m, the schematic diagram of this field is described in Figure 12(c).  

These volunteers learn and adapt the sonification method firstly, and this process takes five minutes. After 
the learning stage, they are blindfolded and try to walk through the test field with the help of the non-semantic 
stereophonic interface. As subjects would remember the route after the learning stage, the completion time of 
the later tests would be shorter. To avoid this problem as much as possible, we changed the obstacles position 
after the learning stage. The stereophonic signal is generated according the data fusion result. After the 
experiment, the walking route of every volunteer is labelled in Figure 12(c). Every volunteer chooses their 
walking route freely according to the non-semantic stereophonic interface tips. If the volunteer collides with 
the obstacle, we would remind them timely to prevent them from the injury. The route of No. 1 and No. 6 
volunteer is similar, such situation also occurs for the No.2 and No.4 volunteer. The No.4 volunteer collides 
with the first obstacle because of the improper sensor holding method. He avoids the remaining obstacles and 
passes through this area successfully after adjusting the holding way. The other volunteers are walking through 
the obstacles area without any collision with the help of the sensor fusion system and tips from the non-
semantic stereophonic interface. 
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Figure 12. The user study experiment. (a) A volunteer with the sensors in hand, the Bluetooth bone conduction 

headphones on the head, the portable PC in the backpack. (b) the experiment scene, four radar trihedral corners are placed in 
the courtyard. (c) The schematic diagram of this experiment, the size of this field is about 10m×8m, the volunteers walk 
from the start to the end place with the help of this system.  

The main goal of this experiment is to gather information related to the completion time and the number 
of collisions to analyze the performance of the sonification method. Meanwhile, these volunteers are asked to 
finish a questionnaire to evaluate some other features of this sensor fusion system after the test, which includes 
whether the prototype is easy to wear, whether the sensor fusion system provides effective guidance 
information to help them in an unfamiliar environment. The questionnaire and statistical results are shown in 
Table 3. Their walking time varies and the time difference is not large. The No.4 volunteer’s time is longer 
than others because of one collision happening. All volunteers answered that the sensor fusion system is useful 
and could help them navigate through obstacles in an unfamiliar environment. In addition, they also give some 
advice about this prototype system, which inspired the research direction of our next work.  

Table 3. A questionnaire and statistical result 
User Walking time (s) Collision number Easy to wear? Useful? Advice 

Volunteer 1 23 0 Yes Yes  
Volunteer 2 27 0 Yes Yes Add image recognition function 
Volunteer 3 26 0 Yes Yes  
Volunteer 4 30 1 Yes Yes  
Volunteer 5 23 0 No Yes Make the prototype size smaller 
Volunteer 6 25 0 Yes Yes  

5. Conclusion and future work 

In this paper, we presented a sensor fusion system based on the RGB-D sensor and the low power MMW 
radar sensor to help visually impaired people to perceive and avoid obstacles at a distance. The experiment 
results show the multiple target with different ranges and angles could be detected by the MMW radar and the 
RGB-D sensor. The data fusion based on the Kalman filter and JPDA obtains more accurate state estimations. 
Meanwhile, the effective detectable range of the fusion system is expanded compared to the detection with 
only RGB-D sensor. Moreover, the measurement results maintain stable when the illumination is changed. 
The system users could perceive and avoid obstacles with the help of the non-semantic stereophonic interface. 
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As a wearable system, the sensor fusion system has the characteristics of versatility, portability and cost-
effectiveness, which is very suitable for blind navigation application. Simultaneously, this system could be 
flexibly applied in the field of self-driving, unmanned aerial vehicle (UAV), robotics, surveillance and defence. 

For future work, we plan to add the object recognition module which is based on the color images in our 
system by using deep learning algorithms. And the detection results which come from the MMW radar, depth 
images and color images are fused simultaneously. The detection results coming from the color images which 
have higher image resolution make this data fusion system become more robust. Then the smaller obstacles 
and the objects at lower positions could be detected effectively. At the same time, once objects have been 
detected by the proposed multiple sensor fusion approach, the type of each object within regions is determined 
by a convolutional neural network (CNN) algorithm. Additionally, the data fusion algorithm would be 
achieved in a Field Programmable Gate Array (FPGA) chip. This greatly reduces the size and weight of the 
system, which is more portable during navigation. 
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Abstract:

It is very difficult for visually impaired people to perceive and avoid obstacles at a distance. To address this problem, we propose a sensor fusion system, which combines the RGB-Depth sensor and millimeter wave radar sensor, to perceive the surrounding obstacles. The position and velocity information of the multiple target are detected by the millimeter wave radar based on the principle of frequency modulated continuous wave. The depth and position information of the obstacles are verified by the RGB-Depth sensor based on the MeanShift algorithm. The data fusion based on the Joint Probabilistic Data Association algorithm and Kalman filter enable the navigation assistance system to obtain more accurate state estimates compared with using only one sensor. The non-semantic stereophonic interface is utilized to transfer the obstacle detection results to the visually impaired people. The experiment results show that multiple object with different ranges and angles are detected by the radar and the RGB-Depth sensor. The effective detection range is expanded up to 80 meters compared to using only the RGB-Depth sensor. Moreover, the measurement results are stable under diverse illumination conditions. As a wearable system, the sensor fusion system has the characteristics of versatility, portability and cost-effectiveness.
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1. Introduction

According to the data from the World Health Organization (WHO), 253 million people are estimated to be visually impaired worldwide, and 36 million are blind [1]. It is very difficult for visually impaired people (VIP) to perceive and avoid obstacles at a distance. To address this problem, we propose a sensor fusion system, which combines the RGB-Depth (RGB-D) sensor and millimeter wave (MMW) radar sensor, to perceive the surrounding obstacles and their positions.

In the literature, navigation assistance systems based on RGB-D sensors have been investigated to help VIP to avoid obstacles [2-7]. The RGB-D sensors revolutionize the field of VIP aiding because of its outstanding performance. They provide much more information compared with the traditional assistive tools. They are able to acquire color information and perceive three-dimensional environment in real time [8-11]. However, the RGB-D sensors, including light-coding sensors, time-of-flight (TOF) sensors and stereo cameras, could not detect obstacles at a distance and measure the velocity of objects. 

Notably, a VIP assistance system needs to deal with complex environments, such as time-varying environments and weather conditions. However, the detection range of low power light-coding sensors is too small in outdoor environment, especially in sunny environment [2,12]. The measurement results of TOF camera are sensitive to ambient light and show poor performance in outdoor environments [13,14]. The ranging results of remote objects derived from stereo cameras are not accurate, and the objects without abundant textures are not robustly detected [15,16]. Furthermore, it is difficult to measure the velocity of object using all these kinds of RGB-D sensors.

In contrast, the range and velocity of the obstacles are obtained simultaneously using the MMW radar, and the accuracy of the range is satisfactory. The radar detection results are rarely influenced by the varying illumination and severe weather [17]. Meanwhile, the detection range could be very far compared with the RGB-D sensor. Thanks to the technological development, the MMW radar sensors have become small, low-cost and accurate, which makes them especially suitable for portable low-power applications. Moreover, the single chip radar sensor has already appeared. However, the MMW radar has its own drawbacks, such as, the azimuth beam with of most MMW radars only cover more than several degrees due to the limited antenna distributions, which results in a low directional resolution compared with the camera.

There are various advantages of fusing RGB-D sensor and radar sensor [18]. This fusion complements the drawbacks of each sensor and maximizes the capability of object detection and location in varying environments. The MMW radar provides with relatively high distance resolution and low directional resolution. However, the RGB-D sensor provides high spatial resolution but low accuracy in depth ranging. The high spatial resolution of the RGB-D camera enhances the directional resolution of the radar, and the high distance resolution of the radar improves the ranging accuracy of the RGB-D sensor. Meanwhile, the fusion system is able to fully utilize the complementary information coming from the different sensors, such as the shape and color information of the objects coming from the RGB-D sensor and the velocity information coming from the MMW radar sensor. Meanwhile, the sensor fusion system increases the overall system robustness to varying lighting conditions. 

Depending on the approach, fusion roughly takes place at three levels [19,20], which are prior to objects detection (bottom level) [21,22], during objects detection [23,24] and at the state level [25,26]. In our system, the fusion is performed at the objects detection level, which provides with the unique list of stationary and moving objects around VIP at every discrete time step. However, in multiple sensor systems, each sensor obtains the object detection results in separate coordinate systems. In order to transform these object detection results into a unified coordinate system, the calibration of pose between the two sensors is essential. 

In this paper, we propose a sensor fusion system based on the MMW radar and the RGB-D sensor to help VIP perceive and avoid the obstacles. The range, velocity and angle information of objects are measured by the MMW radar based on the principle of frequency-modulated continuous wave (FMCW), during which the linearity of the radar chirps is considered. The MeanShift algorithm is applied to the depth images to fulfill feature extraction, then the depth and position information of the obstacles are obtained. The calibration between the radar and RGB-D sensor coordinate is accomplished. The multiple target tracking task is accomplished with the method of Joint Probabilistic Data Association (JPDA) algorithm. The data fusion based on the Kalman filtering is proposed to obtain more accurate state estimates. The non-semantic stereophonic interface is carried out to transfer the detection information to VIP. Furthermore, special attention is taken to assure the clock synchronization of data fusion. 

In addition to technical aspects, some other factors should be considered in VIP assistance domain, such as the price, dimension, weight and energy consumption of the assistive system. The main purpose of our research in this paper is to design a robust and cost-effective multiple object detection system to help VIP perceive and avoid obstacles. The rest of this paper is organized as follow. In the section 2, the related work is reviewed. In the section 3, we describe the design and implementation of the proposed data fusion system, which is composed of the RGB-D and radar sensor. The field tests and the user study are described in detail in section 4. Finally, in section 5, we draw the conclusions and give an outlook to future work.

2. Related Work

Several distinct research fields are related to our work presented in this paper, which include stereo vision, digital image processing, radar signal processing, multiple sensor fusion, multitarget detection and tracking. In this part, we focus on reviewing state-of-the-art multiple sensor fusion. 

In the literature, most research work focused on the fusion system composed of the radar and monocular vision. For example, Sugimoto et al. [27] proposed a calibration method between MMW radar and camera, which does not require estimation of rotation and translation between them, nor intrinsic parameters of the camera. They also proposed an obstacle detection method consisting of an occupancy-grid representation, and a segmentation technique which divides data acquired by radar into clusters. However, the segmentation method which only depends on the radar data is easily affected by the ground clutter. Wang et al. [21] presented a systematic scheme by fusing millimeter wave radar and a monocular vision sensor for on-road obstacle detection. They also presented a radar-vision coordinate calibration method and the potential obstacle detection algorithm. However, the method, which utilizes the shadows underneath the vehicle to estimate the left-right boundary, is not suitable for VIP assistance field which needs to consider versatile and complex environments. Kim and Jeon [28] presented a multiple object tracking system which combined a cheap radar module and a CCD camera. The data fusion method based on multiple Kalman filters had been proposed to process measurements from two different kinds of physical sensors. However, the radar was not able to give the angle of different objects. The data fusion would be inappropriate when two objects appeared at the same distance but in different directions.

Only a few works have been dedicated to fusing the radar and the stereo vision system. Fang et al. [29] proposed a sensor fusion method that makes use of coarse target depth information provided by radar or the stereo vision system to segment target locations in video images. The segmentation algorithm is clear, but the target depth information provided by the radar might be erroneous measurement because of the ground clutter. Wu et al. [22] proposed a fusion approach to accurately estimate the location, size, pose and motion information of a threat vehicle by using both stereo cameras and radar. However, the method of contour point extraction and contour fitting was complex and not necessary because the measurement results of the stereo cameras were not accurate when the objects were too remote. Kim et al. [30] developed a firefighting robot system based on the stereo infrared vision and radar sensor to solve the obstacles detection in fire smoke-filled environments which feature low visibility and high temperature. They also described the basic principle of FMCW radar and the image processing algorithm. However, the ability of the radar was limited, and the direction of different objects was not confirmed. The matching strategy of obstacles close to each other, which are detected by the stereo vision and radar, is not considered. Molchanov et al. [31] proposed a multiple sensor system for accurate and power efficient recognition of dynamic hand gesture for car drivers, by using a short-range radar, a color camera, and a depth camera. They employed convolutional deep neural networks to fuse data from multiple sensors and to classify the gestures. However, the detectable range of this system was less than one meter and was not fit for within VIP assistance domain. Ćesić et al. [19] addressed the detection and tracking of moving objects by using a radar and a stereo camera. They proposed a data fusion method based on the extended Kalman filter on Lie Groups and the joint integrated probabilistic data association filter. They built the accurate uncertainty modeling at the same time. However, this system was designed for the advanced driver assistance systems (ADAS), while its size was big, and its energy consumption was great. Obrvan et al. [20] proposed a method for vehicle detection by employing stereo vision system and radar units. The contour extraction algorithm was executed based on only stereo image then generating the information about the vehicles’ position. But the radar readings were only used to verify the detections basing on the stereo vision, and the fusion results were not stated.

There is almost none specialized radar and stereo vision fusing system for VIP assistance. Although plenty of related work have been done to achieve objects detection by fusing the radar and the stereo vision system, most of them are part of automobile ADAS. Compared with these works, the main advantages of our system can be summarized as follows:

· The fusion system based on the low power MMW radar and the RGB-D sensor is specially optimized to help VIP perceive and avoid the obstacles. This system has the characteristics of small size, low energy consumption and cost-effectiveness.

· The RGB-D sensor uses a combination of active projecting and passive stereo matching, which has a good environment adaptability. The image processing, such as contour extraction, is executed at the depth image. The MMW radar has the ability of angle distinguish, and the angle resolution is about 15. The matching problem of two same range obstacles in different directions to be detected by the RGB-D sensor and radar is solved. 

· The sensor fusion is performed at the objects detection level. The coordinate calibration between the RGB-D sensor and the MMW radar is accomplished.

· This assisting system uses a non-semantic stereophonic interface to transfer the detection results to VIP.

3. Methodology

In this section, the system hardware configuration is detailed described firstly. Then the FMCW basic principle and the feature extraction on the depth image are introduced. The calibration between the RGB-D sensor coordinate and the MMW radar coordinate is achieved. At last, the data fusion and the non-semantic stereophonic interface are presented.

3.1 System configuration 

In our application, we have utilized Intel RealSense R200 stereo vision system [32] and a TI short range radar evaluation board [33], as illustrated in Figure 1(a). They are mounted on a framework fabricated by 3D printing and their position is fixed. The sensors are closely spaced at about a same plane, while the sensor fusion is performed at the objects detection level. Since the radar measurements is coarse in nature, the current fixed mode is sufficiently precise to achieve the data fusion. 
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[bookmark: _Ref511937693]Figure 1. The hardware configuration. (a) Experimental platform equipped with the RealSense R200 and the TI short range radar evaluation board. The size of the R200 and radar evaluation board is so small that they are portable, and a credit card is placed nearby for comparison. They are closely mounted on a framework fabricated by 3D printing and their position is fixed. (b) The RealSense R200 module is shown without reinforcement frame, it includes two infrared cameras (right and left), an infrared laser projector, a color camera and an image processor.

[bookmark: _Hlk535258359]The RealSense R200 developed by the Intel company uses a combination of active projecting and passive stereo matching [32], as shown in Figure 1(b). It includes two infrared cameras (right and left), an infrared laser projector, a color camera and an image processor. The infrared laser projector projects static non-visible near-infrared patterns on the scene [2], then the scatter is acquired by the right and left infrared cameras. The image processor generates a depth map through the embedded stereo-matching algorithm. With the principle of active projecting and passive stereo matching, the performance of RealSense R200 is excellent under indoor and outdoor circumstances [2]. The R200 is quite suitable for VIP navigation because of its environment adaptability, small size and cost-effectiveness.

However, the effective depth range of the RealSense R200 is short, and the range accuracy is reduced when the depth exceeds the general detectable range of 650-2100 mm [2]. On the contrary, the range accuracy of the MMW radar based on the principle of FMCW is high and the measurements results are stable. We take the TI short range radar system in our system. The TI IWR1642BOOST evaluation board, as shown in Figure 1(a), is a short-range radar system basing on the IWR1642 radar chip[33]. The IWR1642 device is an integrated single-chip MMW sensor based on FMCW radar technology capable of operation in the 76 to 81 GHz band with up to 4 GHz continuous chirp. The IWR1642 is an ideal solution for low-power, self-monitored, ultra-accurate radar systems in the industrial and consumer electronics applications.

The sensor features and the Field of View (FOV) also need to be considered. The RealSense R200 uses a combination of active projecting and passive stereo matching. The color camera image resolution is 1920×1080 pixels with rolling shutter, the horizontal and the vertical field of view is 70 and 43 respectively. The experiments are carried out at the resolution is 640×480 pixels in order to improve the efficiency. Meanwhile, we want to project depth information into a color map to get the depth information of the corresponding data point. And depth images produced by the infrared camera is 640×480 pixels, the horizontal and the vertical field of view is 59 and 46 respectively. The stereo image synchronization is executed internally, while the results are recorded in the auto-exposure mode of the camera. The antenna FOV of the MMW radar (IWR1642EVM) is 60 with angular resolution of approximately 15. 

3.2 Frequency modulated continuous wave

FMCW radar is a technique that obtains range and velocity information from a radar by the way of frequency modulating a continuous signal[34]. The frequency modulation takes many forms, and the linear frequency modulation is the most common used. The basic principle of the sawtooth modulation is illuminated in Figure 2. 









The transmitted signal is frequency modulated by a periodic saw-wave [35]. The received signal is a copy one including the frequency shift (Doppler shift, ) and the time delay , as shown in Figure 2(a). The  is the modulation bandwidth, and  is the modulation period or sweep time. The Doppler shift is caused by the relative motion between the object and the radar. The signal traveling between the object and the radar causes the time delay. The frequency difference between the transmitted and received signal is called “beat frequency”, which carries the range and velocity information, as shown in Figure 2(b). For saw-wave modulation, the range and velocity of the objects are difficult to measure because of the Range-Doppler coupling effect. We obtain the range, velocity and angle information of different objects through three FFT, as shown in Figure 2(c).
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[bookmark: _Ref512244315]Figure 2. The basic principle of the FMCW radar with the sawtooth shape modulation. (a) The transmitted and received signal. (b) The corresponding beat frequency. (c) The beat signal processing flow. 

We acquire a number of chirps’ ADC data, organize them in the form of a matrix, where each column of the matrix stands for the beat signal of a single chirp (Figure 2(c1)). This single chirp beat signal consisting of multiple target should be processed using a Fast Fourier Transform (FFT) in order to separate the different range objects. Fourier transform processing will result in a frequency spectrum that has separate peaks and each peak denotes the presence of an object at a specific distance. This processing is called the range-FFT and the result is shown in Figure 2(c2). The range-FFT corresponding to each chirp will have peaks in the same location, but with a different phase. The measured phase difference corresponds to the moving velocity. 

However, the velocity measurement method based on the two close chirps does not work when multiple moving objects with different velocities and same distance to the radar appear at the time of measurement. An FFT on the sequence of phasors corresponding to the range-FFT peaks resolves this problem nicely. This processing is called the Doppler-FFT and the result is shown in Figure 2(c3).

The range-FFT and Doppler-FFT do not work when two objects with equidistant and same velocity relative to the radar appear. Then the angle of arrival needs to be estimated. Angle estimation is based on the phase change in the peak of the range-FFT or Doppler-FFT because of differential distance from the object to each of the antennas, which requires at least 2RX antennas. Similarly, a FFT on the sequence of phasors corresponding to the 2D-FFT (range-FFT and Doppler-FFT) peaks resolves the angle estimation problem. This is called angle-FFT and the result is shown in Figure 2(c4).

After three FFT, the range, velocity and angle information of objects are obtained. Besides these above issues, some other problems need to be considered, such as, the pre-processing of the raw ADC data, the constant false alarm rate (CFAR), and so on. However, these topics are out of scope of this paper and not discussed. 

3.3 Linearization

The linearity quality of the chirps has a direct effect on the beat signal, as the Figure 2(a) manifested, then the range measurement precision is affected. Methods for linearizing FMCW radar signal can be classified into two categories, open-loop and closed-loop methods [36]. Closed-loop methods act continually during the radar signal transmission to ensure a continuous frequency lock [36], which offers high linearity performance. The IWR1642 device has an excellent chirp linearity based on the closed-loop PLL which is used to synthesize the precise and linear chirp. The device also includes a built-in radio processor for RF calibration and safety monitoring.

In order to evaluate the linearity of chirps and the reliability of radar, we performed the verification experiment with a stationary trihedral corner (diameter about 12 inches), as shown in Figure 3(a)(b). The trihedral corner is placed in front of the radar, while different distances are measured by the radar. The real distances between the trihedral corner and the radar are measured at the same time using the laser range finder and the ruler. The observed relationship between the radar measurements and the real distances is shown in Figure 3(c). The deviation between the radar measurement and the real distance is very small, which illustrates that the chirp linearity is very good. The strongly linear nature of this relationship is one of the important evidences for the high reliability of the radar system.
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[bookmark: _Ref512419165]Figure 3. The verification experiment on the linearity of chirps and the reliability of radar. (a) The trihedral corner is placed in front of the radar. (b) The radar trihedral corner used in this paper. (3) The relationship between the radar measured distance and the corresponding real distance. 

3.4 Feature extraction

The main goal of the feature extraction on the depth image is to detect stationary and moving objects in the scene. However, this paper focuses on the fusion of two sensors, hence the feature extraction on the depth image is only briefly described.

Compared with the ordinary digital image processing on the color image, this paper achieves the objects detection function on the depth image produced by the RealSense R200. As the Figure 4 shown, the obstacles are detected in indoor and outside environment, the color images are shown in Figure 4(a1-a4), and the depth images are shown in Figure 4(b1-b4). The MeanShift algorithm [37] is applied to detect the objects in the depth images, the detection results are shown in Figure 4(c1-c4). The detected objects are indicated by the red bounding box. The application domains of the MeanShift algorithm include cluster analysis in computer vision and image processing. Herein, we use the MeanShift to detect objects with the help of depth differences in the depth images and achieve it using the OpenCV. 

We utilize the depth images directly produced by the RealSense R200. The IR projector of the R200 projects static non-visible near-IR patterns on the scene, which is acquired by the left and right IR cameras. In texture less indoor environments, such as the a1 and a2 scene in the Figure 4, the projected patterns enrich textures, which makes the depth images dense within a certain distance. However, in sunny outdoor environments, the projected patterns are partly submerged by sunlight. And the power of IR laser projector is limited. Simultaneously, for the stereo cameras, since depth error increases with the increase of the depth value, stereo cameras are prone to be unreliable in the distance. These make the depth information of the R200 much less accurate than that in the normal working distance ranging from 650-2100 mm. 







In addition, the FOV of the IR projector and the IR camera is limited. Both vertical and horizontal FOV of the R200 IR projector are . The vertical and horizontal FOV of the R200 IR camera is  and  respectively. These reasons make the metal bar object bottom part lack the effective reflected near-IR patterns, the depth images disappear at the corresponding region, and the depth error occurs, such as the a3 and a4 scene in the Figure 4.





The distance of the detection object is decided by the average depth in the red bounding box. The detection object coordinates  in the pixel coordinate system is the center of the red bounding box, then the coordinate  of the detection object in the camera coordinate system is acquired with the help of the camera intrinsic and extrinsic parameters.
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[bookmark: _Ref515527153]Figure 4. The object detection and feature extraction on the depth image. (a1-a4) The color images, the objects are detected in indoor and outside environments. (b1-b4) The depth images. (c1-c4) The detection results based on the MeanShift algorithm, the objects are indicated using the red bounding box.

3.5 Calibration

In multiple sensor system, each sensor performs measurements in its own coordinate system. Thus, one needs to transform these measurements into a global coordinate system. 

[image: ]

[bookmark: _Ref515571280]Figure 5. The RGB-D sensor coordinate and MMW radar coordinate.

















In this paper, the standard pinhole model is assumed for the camera. As shown in Figure 5, the  and  are the camera coordinate and the image plane coordinate respectively. The relationship between them is described as equation . The , , , and  are the  direction focus length and principal point coordinates respectively, and the  is the matrix of intrinsic parameters.
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	The position of a target is represented as  in radar coordinate, as shown in Figure 5. The  coordinate has no meaningful value since the radar just gives azimuth information in 2D with no information on pitch angle in the 3D plane. The calibration matrix  (including the rotation R and translation T) between the camera coordinate  and the radar coordinate  is obtained through



	. 	





where the calibration matrix  is made up of 9 elements. We use the linear least square (LS) method with the help of 46 data points to estimate the calibration matrix . Image and radar targets are extracted and matched manually, then the matched data point is acquired, as the Figure 6 shown. The 5 targets are placed at different height and depths, as the color image shown in the Figure 6(a). They are detected by the RGB-D sensor and MMW radar simultaneously, and the detection results are shown in Figure 6(b) and (c) respectively. The corresponding pixels on the depth image and the radar detection points are matched manually, then the matched data point is acquired. We manually select the region with accurate depth to accomplish this calibration. More different matched data can be obtained by changing the relative position of the sensors and targets. 
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[bookmark: _Ref515806584]Figure 6. The processing procedure of the matched data point. (a)The color image including 5 targets which are placed at different height and depths. (b)The RGB-D sensor detection results. (c) The MMW radar detection results. The corresponding pixels on the depth image and radar points are matched manually, then the matched data point is acquired. 



In our paper, the calibration matrix  between the RGB-D sensor coordinate and the MMW radar coordinate is:



	 	



Compared with the ordinary color images, the object which is detected by the MMW radar becomes a line when it is projected onto the depth image, because the  coordinate has no meaningful value in the radar coordinate system. The actual effect is shown in Figure 7. The object is detected by the RGB-D sensor and MMW radar at the same time. The MMW radar detection result is projected on the depth image and represented by the green line.
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[bookmark: _Ref515828579]Figure 7. The object is detected by the RGB-D sensor and MMW radar simultaneously. (a)The color image. (b)The depth image, the MMW radar detection result is projected on the depth image and represented by the green line. 

As shown in Figure 7(b), the red bounding box is the detection result of the RGB-D sensor, its depth value (2.906 m) is different from the radar detection result (2.961 m). It is very necessary to fuse the information from these two different sensors together to improve the stability and accuracy of the whole system. The fusion method based on the Kalman filter is described in the next subsection. 

3.6 Data fusion



As mentioned above, the object position in  plane is measured by the two sensors. After calibration, we obtain two sets of measurements on the common plane. Considering the sensors resolution, noise and errors, we propose data fusion based on Kalman filtering [28] to obtain more accurate state estimate. 

Intuitively, the detection results are more reliable when collecting as many data as possible. However, just collecting data from different sources without efficient fusion rule could seriously degrade the quality of an estimate even with large amount of data [28]. Therefore, we propose data fusion methods based on the Kalman filter. The fundamental formulation of the Kalman filter is a Bayesian filtering framework. The Kalman filter is a set of mathematical equations that provides an efficient computational means to estimate the state of a process, in a way that minimizes the mean of the squared error [38]. The filter is very powerful in several aspects. Here, we apply it in multiple sensor data fusion.

The Kalman filter achieves the data fusion function based on the predict and update algorithm. Here, we introduce the multivariate form equations of the Kalman filter briefly.

Prediction:
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where  are the state mean and covariance.  is the state transition function, when multiplied by  it computes the prior.  is the process covariance.  is the control input, and  is the control input model or control function. 

Update:



	 	



























where,  is the measurement function.  are the measurement mean and noise covariance.  and  are the residual and Kalman gain. In this paper, the  matrix is composed of the RGB-D detection result  and the MMW radar detection result . The  matrix is the data fusion result, that is . The  and  parameters are ignored. The  and  matrix are optimized based on the characteristics of the sensor fusion system and the data fusion performances. The specific implementation of the Kalman filter is accomplished using OpenCV. 

The main task of the data fusion is to detect the position and velocity information of multiple object with more than one sensor and fusion them. However, the Kalman filter, which is unimodal, is not able to achieve the multiple object information fusion at the same time. The JPDA algorithm [19,28], which is one of most efficient data association algorithms under cluttered environments, approaches the multiple target tracking problem. The JPDA algorithm calculates the association probabilities to the target being tracked for each validated measurement at the current time [39]. This probabilistic or Bayesian information is used in the JPDA tracking algorithm, which includes the steps of prediction, measurement validation, data association and state estimation. The detailed instructions and calculation steps are explained in the literature [39], here we are no longer to repeat. 

So far, we have discussed the object detection and data fusion framework for the proposed algorithm, as the Figure 8 shown. Multiple obstacle is detected by the MMW radar and the RGB-D sensor respectively. The MMW radar detection results based on the principle of FMCW are objects position and velocity information. Meanwhile, the target positions are detected by the RGB-D sensor depending on the MeanShift algorithm. The detection results from these two different sensors are calibrated in the depth image. The data fusion is achieved with the help of JPDA and Kalman filter. The fusion results are sent to the VIP through the non-semantic stereophonic interface, which is explained in the next sub-section.
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[bookmark: _Ref521437489]Figure 8. The objects detection and data fusion framework.

3.7 Multi-target Warning through the Non-Semantic Stereophonic Interface

Although VIP suffer from impaired vision, their hearing could be used to perceive the detection results. The amount of information transmitted by ordinary semantic speech delivery is limited. It is only used when the dangerous situation appears, such as a fast-moving car passes through the road. The non-semantic stereophonic interface [40] is utilized at all times. At the hardware level, we use Bluetooth bone conduction headphones. In this way, the user’s ears are not blocked and the user can continue to capture the other external sounds from the surrounding environment.

Considering the FOV and other characteristics of these two sensors, we established the sonification criteria. The detected obstacles are described in camera coordinate system. We project the detected obstacles to the polar coordinate system on the ground and split the polar coordinate space into five sections in azimuth dimension, as shown in Figure 9. The horizontal FOV of the RGB-D sensor infrared camera is about 60. However, the horizontal FOV of the MMW radar is about 60. The data fusion results are only appeared in the intersection area of these two different sensors, thus the angle of each section is about 12. The dangerous obstacles, which is out of the data fusion area, detected by the MMW radar are informed to the VIP by the ordinary semantic speech. 
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[bookmark: _Ref522286967]Figure 9. Non-semantic stereophonic interface of the assisting system.

As shown in Figure 9, the black thin lines indicate the section boundaries and the blue dotted lines imply the different ranges. Our sonification method utilizes five carefully chosen musical instruments to represent obstacles. This idea comes from the symphony and is more aesthetical. VIP should first distinguish different sections through the timbre and azimuth of musical instruments and then estimate the obstacles distance through the loudness, pitch as well as the tempo. The musical instrument in the middle section is gong, which has the most distinctive timbre and is quite easy to distinguish from the other instruments. The sound of the gong means there is an obstacle in the front and you cannot go straight. The musical instruments besides the gong is the piano and the marimba. Their timbres are similar but not as prominent as the gong. The sound of the piano and marimba means there are obstacles on the left or right side of the front area and if VIP don’t adjust their walking direction according to the feedback, there is still a risk of collision. The leftmost and rightmost musical instruments are clarinet and bass. Their timbres are completely different from other musical instruments since they are string instrument and woodwind instrument respectively. The obstacle represented by clarinet and bass will not block VIP from walking forward. VIP can perceive the distribution of obstacles in more details by slowly turning the head and listening to the change of these musical instruments during actual use. Meanwhile, the velocity of the obstacles is mapped on the pitch parameters. Then, VIP could perceive the velocity information through pitch parameter. Then they know the position and velocity information of the detected obstacles after the data fusion. 

This multi-target warning system based on the non-semantic stereophonic interface could achieve the multiple obstacle warning simultaneously, which makes VIP perceive the surrounding environment quickly. It is also well compatible with multi-sensor fusion detection results. 

4. Experiments

In order to test and verify the performance of our sensor fusion system, the experiments are designed and performed, which are composed of the field tests and the user study. The sensors, which are introduced in the sub-section 3.1, are connected to a portable PC (with I5-6300@2.4GHz, 8G RAM) by the USB port. The portable PC is mainly responsible for the digital image processing, data fusion and creating the non-semantic stereophonic and ordinary semantic speech. The bone-conducting headphone that does not block VIP’s ears from hearing environmental sounds is applied, which is connected to the PC by the Bluetooth. In this manner, the proposed data fusion system achieves the running speed of around 10 FPS.

4.1 Field tests

The field tests are designed and performed with different surroundings, as shown in Figure 10. The color images are presented in a1-a7, the targets are detected with different surroundings. The depth images produced by the RGB-D sensor are shown in b1-b7. The depth images detection results based on the MeanShift algorithm are represented by the red bounding boxes. Meanwhile, the detection results of the MMW radar are projected on the corresponding depth images, which are represented by the green lines. The multiple target tracking results based on the JPDA algorithm, which represented by numbers, are shown in c1-c7. The data fusion results based on the Kalman filter, which includes the position information (x, y, z coordinate) and the velocity information, are labeled in the depth images. They are described in d1-d7.



In the scenario 1, a red car is parked on the roadside at noon when the sunlight is very strong, as the Figure 10(a1) illustrated. The depth image coming from the RGB-D sensor is very sparse because of the illumination. The car could not be detected by the RGB-D sensor, as the Figure 10(b1) shown. Nevertheless, the MMW radar detection result is stable, the detection and track results are described at Figure 10(b1) and (c1) respectively. The data fusion result is shown in Figure 10(d1), which only includes the  coordinate and the velocity information because of lacking the information from the RGB-D sensor. Similarly, a car is parked on the roadside at nightfall in the scenario 2, as shown in Figure 10(a2). It is not found in the depth image because the quality of the depth image declines when the lights dim. The MMW radar detection results, by contrast, are stable. The detection and track results of the MMW radar and the RGB-D sensor are described in Figure 10(b2) and (c2), while the last data fusion results are shown in Figure 10(d2), which reveals the effectiveness of our approach even with low illumination. In this sense, our fusion system enhances the robustness of obstacle detection across different illumination conditions.
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[bookmark: _Ref521438307]Figure 10. The field tests are performed in indoor and outdoor. (a1-a7) The color images, the targets are detected with different surroundings. (b2-b7) The depth images and the detection results, the MMW radar detection results are represented by the green lines, and the RGB-D sensor detection results are represented by the red bounding boxes. (c1-c7) The targets tracking results based on the JPDA algorithm, represented by the Arab numbers. (d1-d7) The data fusion results, the position information, x, y, z coordinate, and the velocity information are labeled in the depth images.



Since the effective detection range of the RealSense R200 is only about 0.6m to 10m, it is necessary to be able to detect a dangerous obstacle from afar, such as a fast-moving car crossing the street. The MMW radar is an appropriate sensor to achieve this function. In the scenario 3, a car appears at about 50 meters away, shown in Figure 10(a3). It is not found in the depth image because of the limited perception range of the RGB-D sensor, as described in Figure 10(b3). Still, the car is correctly detected with the help of the MMW radar, and the detection and track result are indicated in Figure 10(b3) and (c3), respectively. The data fusion result except the  coordinate information is labelled in Figure 10(d3). In this regard, the effective detection range of the fusion system has been significantly expanded (maximum to 80 meters for a car) compared to the detection with only RGB-D sensor.







Compared with the above situations, RGB-D sensor could detect the obstacles at most cases when the illumination and distance are suitable for its perception. As shown in Figure 10(a4) and (a5), one or multiple person stands in the hallway. The detection results from the RGB-D sensor and the MMW radar are described in Figure 10(b4) and (b5). The track results could be found in Figure 10(c4) and (c5). The obstacles detection information, the  coordinate position and the velocity information, is decided by the sensor fusion, which is mapped and labelled in the depth image, as shown in Figure 10(d4) and (d5). The  coordinate is added compared to the detection with radar only. The velocity information is added and the  coordinate is more accurate compared to the detection with only RGB-D sensor. Meanwhile, the field tests are performed at the outside, as shown in Figure 10(a6) and (a7), one or multiple radar trihedral corner is placed in a courtyard. The detection, tracking and data fusion results are similar to the indoor experiments, which are illuminated in Figure 10 (b6)(b7), (c6)(c7) and (d6)(d7) respectively. Compared with the single RGB-D sensor or the single MMW radar, the data fusion enriches the detection results, increases the accuracy and improves the robustness of the prototype.

In order to analyze the detection, tracking and fusion effect in different scenes quantitatively, we save the field test processing results respectively and then give the statistical results, which are shown in Table 1. During the experiments, we record the corresponding video, then analyze each frame of them. The tracking process of the radar detection result and RGB-D sensor detection result is executed respectively. The data fusion is accomplished after the radar tracking being succeeded when only radar works. When the radar and RGB-D sensor works simultaneously, the data fusion is carried out after the last sensor accomplishing the tracking.

[bookmark: _Ref525632803]Table 1. The detection, tracking and fusion statistical results

		Scene

		1

		2

		3

		4

		5

		6

		7



		Total images

		142

		167

		157

		118

		153

		125

		134



		Radar detection

		141

		167

		157

		118

		153

		125

		134



		

		99.3%

		100%

		100%

		100%

		100%

		100%

		100%



		RGB-D detection

		1

		2

		0

		118

		135

		120

		130



		

		0.7%

		1.2%

		0.0%

		100%

		88.2%

		96.0%

		97.0%



		Radar Tracking

		127

		160

		149

		110

		145

		117

		128



		

		89.4%

		95.8%

		94.9%

		93.2%

		94.8%

		93.6%

		95.5%



		RGB-D Tracking

		0

		0

		0

		105

		133

		110

		118



		

		0.0%

		0.0%

		0.0%

		89.0%

		86.9%

		88.0%

		88.1%



		Fusion

		127

		160

		149

		105

		133

		110

		118



		

		89.4%

		95.8%

		94.9%

		89.0%

		86.9%

		88.0%

		88.1%





According to the statistical results from Table 1, the MMW radar detection results are stable when the scene changes. The obstacles are detected successfully by the radar in all frames except one frame in the scene 1. However, almost no effective targets are detected by the RGB-D sensor in the scene 1, 2 and 3 because of the improper illumination and detection distance. The percentage of obstacles detected by the RGB-D sensor in scene 4, 5, 6 and 7 is 100%, 88.2%, 96.0%, 97.0% respectively, which shows that most obstacles could be perceived when the environment is proper. It takes several frames to accomplish the tracking function after the detection owing to the JPDA algorithm. For the RGB-D sensor, it takes about 13 to 20 frames to complete the tracking according to the data in the scene 4, 5, 6 and 7. Compared with the RGB-D sensor, the radar requires fewer frames to achieve the tracking because of the fewer feature points. With the help of tracking, accidental detection error in someone frame can be avoided. The data fusion based on the Kalman filter is achieved when the obstacles are tracked successfully. There are about 89.4%, 95.8%, 94.9% images prompting data fusion results in the scene 1, 2 and 3 when only radar works. Contrast, when the radar and RGB-D sensor work simultaneously, there are about 89.0%, 86.9%, 88.0%, 88.1% images prompting data fusion results in the scene 4, 5, 6 and 7 respectively. Compared with only one radar sensor, although the data fusion between the radar and RGB-D sensor takes more time, we could get more accurate state estimation and more robust measurement results. 

The field tests show the different ranges and angles of the objects are calculated by the MMW radar based on the principle of FMCW. The feature extraction on the depth image is achieved based on the MeanShift algorithm, and the depth and position information of the obstacles is obtained. The obstacles are tracked successfully based on the JPDA algorithm. The data fusion is achieved by the Kalman filter method. The obstacles effective detection range is expanded compared to the detection with only RGB-D sensor. With the help of the data fusion, we have achieved more accurate state estimation and rich information. Moreover, the measurement results are stable under diverse illumination conditions.

4.2 The performance evaluation at different ranges

In order to verify the performance of our sensor fusion system at different ranges, the experiments are designed and performed. As shown in Figure 11, the car is placed at roadside. We measure the different distances between the car and our system, and the distance of 2m, 4m, 8m, 15m, 20m, 30m and 40m are selected. The 50-meter leather tape box ruler is placed on the ground to get the accurate range. The color images are presented in a1-a7. The depth images are shown in b1-b7, and the detection results are represented by the red bounding boxes. Meanwhile, the detection results of the MMW radar are projected on the corresponding depth images, which are represented by the green lines. The multiple target tracking results based on the JPDA algorithm, which represented by numbers, are shown in c1-c7. The data fusion results based on the Kalman filter, which includes the position information (x, y, z coordinate) and the velocity information, are labeled in the depth images. They are described in d1-d7.

The car is detected by the depth images and the MMW radar simultaneously when the distance is 2m and 4m, as the Figure 11 (b1) and (b2) said. Then, the detection results are successfully tracked, as shown in (c1) and (c2). At last, the data fusion results are labeled on the depth images, as the (d1) and (d2) illustrated. However, the depth images lack effective detection information when the distance exceeds 4m. By contrast, the MMW radar still keeps accurate range perception ability, as shown in b3-b7. We get the distance between the car and our system through the data fusion, as the d3-d7 illustrated. But the y coordinate is meaningless due to the lack of the effective detection information coming from the depth images. At last, the RGB-D sensor detection results, the MMW radar detection results, the data fusion results and the corresponding ground truth at different ranges are listed in the Table 2. It can be seen that the distance measurement accuracy is high and keeps stable at different ranges with the help of RGB-D sensor and MMW radar. 

[image: ]

[bookmark: _Ref534920570]Figure 11. The performance evaluation at different ranges. (a1-a7) The color images, the targets are detected with different ranges, which are 2m, 4m, 8m, 15m, 20m, 30m and 40m. The 50-meter leather tape box ruler is placed on the ground to get the accurate range. (b2-b7) The depth images and the detection results, the MMW radar detection results are represented by the green lines, and the RGB-D sensor detection results are represented by the red bounding boxes. (c1-c7) The targets tracking results based on the JPDA algorithm, represented by the Arab numbers. (d1-d7) The data fusion results, the position information, x, y, z coordinate, and the velocity information are labeled in the depth images.



[bookmark: _Ref534985685]Table 2. The detection and fusion results at different ranges

		Scene

		a1

		a2

		a3

		a4

		a5

		a6

		a7



		RGB-D (m)

		1.978

		3.859

		-

		-

		-

		-

		-



		Radar (m)

		2.093

		4.042

		7.935

		15.015

		20.142

		30.029

		39.917



		Fusion Data (m)

		2.018

		3.989

		7.935

		15.015

		20.142

		30.029

		39.917



		Ground Truth (m)

		2

		4

		8

		15

		20

		30

		40



		Fusion Deviation (m)

		0.018

		-0.011

		-0.065

		0.015

		0.142

		0.029

		-0.083



		Relative Error (%)

		0.9

		0.275

		0.8125

		0.1

		0.71

		0.097

		0.2075







4.3 User study

An experiment is carried out to check the effect of the non-semantic stereophonic interface. There are six volunteers participated in this user study. The RGB-D and MMW radar sensors are in hand, the Bluetooth bone conduction headphones are worn by the volunteers and the portable PC is put in the backpack, as the Figure 12(a) shown. The experiment field is composed of four radar trihedral corners, which are simulated the obstacles in lives and placed in the courtyard, as the Figure 12(b) depicted. The size of this test field is about 10m×8m, the schematic diagram of this field is described in Figure 12(c). 

These volunteers learn and adapt the sonification method firstly, and this process takes five minutes. After the learning stage, they are blindfolded and try to walk through the test field with the help of the non-semantic stereophonic interface. As subjects would remember the route after the learning stage, the completion time of the later tests would be shorter. To avoid this problem as much as possible, we changed the obstacles position after the learning stage. The stereophonic signal is generated according the data fusion result. After the experiment, the walking route of every volunteer is labelled in Figure 12(c). Every volunteer chooses their walking route freely according to the non-semantic stereophonic interface tips. If the volunteer collides with the obstacle, we would remind them timely to prevent them from the injury. The route of No. 1 and No. 6 volunteer is similar, such situation also occurs for the No.2 and No.4 volunteer. The No.4 volunteer collides with the first obstacle because of the improper sensor holding method. He avoids the remaining obstacles and passes through this area successfully after adjusting the holding way. The other volunteers are walking through the obstacles area without any collision with the help of the sensor fusion system and tips from the non-semantic stereophonic interface.

[image: ]

[bookmark: _Ref523689891]Figure 12. The user study experiment. (a) A volunteer with the sensors in hand, the Bluetooth bone conduction headphones on the head, the portable PC in the backpack. (b) the experiment scene, four radar trihedral corners are placed in the courtyard. (c) The schematic diagram of this experiment, the size of this field is about 10m×8m, the volunteers walk from the start to the end place with the help of this system. 

The main goal of this experiment is to gather information related to the completion time and the number of collisions to analyze the performance of the sonification method. Meanwhile, these volunteers are asked to finish a questionnaire to evaluate some other features of this sensor fusion system after the test, which includes whether the prototype is easy to wear, whether the sensor fusion system provides effective guidance information to help them in an unfamiliar environment. The questionnaire and statistical results are shown in Table 3. Their walking time varies and the time difference is not large. The No.4 volunteer’s time is longer than others because of one collision happening. All volunteers answered that the sensor fusion system is useful and could help them navigate through obstacles in an unfamiliar environment. In addition, they also give some advice about this prototype system, which inspired the research direction of our next work. 

[bookmark: _Ref523947989]Table 3. A questionnaire and statistical result

		User

		Walking time (s)

		Collision number

		Easy to wear?

		Useful?

		Advice



		Volunteer 1

		23

		0

		Yes

		Yes

		



		Volunteer 2

		27

		0

		Yes

		Yes

		Add image recognition function



		Volunteer 3

		26

		0

		Yes

		Yes

		



		Volunteer 4

		30

		1

		Yes

		Yes

		



		Volunteer 5

		23

		0

		No

		Yes

		Make the prototype size smaller



		Volunteer 6

		25

		0

		Yes

		Yes

		





5. Conclusion and future work

In this paper, we presented a sensor fusion system based on the RGB-D sensor and the low power MMW radar sensor to help visually impaired people to perceive and avoid obstacles at a distance. The experiment results show the multiple target with different ranges and angles could be detected by the MMW radar and the RGB-D sensor. The data fusion based on the Kalman filter and JPDA obtains more accurate state estimations. Meanwhile, the effective detectable range of the fusion system is expanded compared to the detection with only RGB-D sensor. Moreover, the measurement results maintain stable when the illumination is changed. The system users could perceive and avoid obstacles with the help of the non-semantic stereophonic interface. As a wearable system, the sensor fusion system has the characteristics of versatility, portability and cost-effectiveness, which is very suitable for blind navigation application. Simultaneously, this system could be flexibly applied in the field of self-driving, unmanned aerial vehicle (UAV), robotics, surveillance and defence.

For future work, we plan to add the object recognition module which is based on the color images in our system by using deep learning algorithms. And the detection results which come from the MMW radar, depth images and color images are fused simultaneously. The detection results coming from the color images which have higher image resolution make this data fusion system become more robust. Then the smaller obstacles and the objects at lower positions could be detected effectively. At the same time, once objects have been detected by the proposed multiple sensor fusion approach, the type of each object within regions is determined by a convolutional neural network (CNN) algorithm. Additionally, the data fusion algorithm would be achieved in a Field Programmable Gate Array (FPGA) chip. This greatly reduces the size and weight of the system, which is more portable during navigation.
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