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1. INTRODUCTION 
The recent progress in the application of sensing technologies has encouraged the development of new 

methods for measuring the motion of road users. The exciting prospect of autonomous vehicles, long 

anticipated and recently determined as conceivable, has directed many of the attempts toward high 

quality detection and tracking of objects in close vicinity of moving vehicles (Premebida et al., 2007). 

Another potential development avenue for research is a system for area-wide traffic measurement from 

a fixed roadside position. The precise and accurate detection and tracking of road users is a key process 

in a wide range of traffic and safety applications (Tarko et al., 2009). 

Video cameras have become the most widely used sensing technology for detecting multiple road users 

and estimating their trajectories from a roadside position. The advantages of video technology include 

its portability, low cost, and easy installation. Mature machine vision techniques and strong research to 

develop algorithms for extracting data from video streams will provide additional advantages. However, 

the reliability of these methods is limited in adverse weather and light conditions and for heterogeneous 

dense traffic.  

Light Detection and Ranging (LiDAR) technology is a promising alternative or supplement to video 

technology.  Due to its high cost, LiDAR technology has not received much attention until recently. The 

price of these sensors is expected to decrease with their proliferation in vehicles and incorporation in 

other applications. The presented study evaluates the feasibility of using a LiDAR-based station for 

detecting, identifying, and tracking vehicles and vulnerable road users (VRUs), including pedestrians 

and bicyclists, at various ranges from the sensor. Better knowledge of LiDAR’s capabilities and 

limitations would be useful when considering joint use of LiDAR and video sensors. The attractiveness 

of LiDAR sensors will grow with the expected reduction in their cost.  

2. METHOD 
The presented study used the HDL-64E LiDAR sensor. A relatively compact sensor pod, the HDL-64E 

provides 64 laser beams for 360o scanning of the surrounding environment. A single HDL-64E reading 

includes the distance and the intensity of the returned light. An algorithm was developed for processing 

the LiDAR readings including two major components: background identification and object tracking.  

2.1. Background Identification 
The first necessary step during the background identification process is the preparation of an orthogonal 

image of an intersection with polygons that divide the intersection into several functional areas. A 

snapshot of the LiDAR data points collected for a short time at the studied intersection must be rotated 
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and positioned over an orthogonal intersection image with polygons. The rotation to the orthogonal 

position is achieved with the help of the IMU.  The intersection image and the LiDAR data points 

rendering must be aligned to ensure both have the same coordinate system. Then, the initial several 

minutes of the LiDAR readings are analyzed by the technique to identify the background. The algorithm 

defines the background as a set of surfaces, one surface for every polygon.  Any point below or equal to 

the expected z value is assumed to belong to the road pavement, and all other points belong to objects 

above it. 

2.2. Tracking Module 
The data from the LiDAR is first split into “frames.” A frame refers to all the readings collected by the 

LiDAR in one rotation. The data is then converted from LiDAR coordinates to XYZ Cartesian 

coordinates. The readings from the IMUs are used to compensate for any motion in the sensor during 

data collection. Next, background removal is accomplished by selecting, for further analysis only, points 

whose positions are sufficiently raised above the estimated pavement planes. 

The objects within the polygons are detected by clustering the points that are sufficiently close to each 

other using Delaunay triangulation. These clusters are formed for all the points estimated with a single 

rotation (frame) of the LIDAR sensor. Objects are tracked between frames by (i) predicting the position 

of an object in the current frame based on its position in the previous frame and the currently estimated 

motion, (ii) assigning the LiDAR-measured cluster in the current frame to the nearest predicted position 

of the object, and (iii) estimating the new position by combining the predicted and measured positions. 

This process is achieved using a Kalman filter and Hungarian assignment algorithm framework. The 

object dimensions are then estimated by overlaying all the clusters by moving them from their estimated 

positions along the path into a single position; and a rectangular box wrapping all the points is optimized 

and its dimensions are assumed to be the dimensions of the actual object. Next, trajectory analysis is 

performed to ensure that any wrong object associations to trajectories are split. This is done by fitting a 

higher order polynomial equation to the originally obtained trajectory and by verifying that each section 

of the trajectory falls within a reasonable region around the fitted curve. Overlapping trajectories in 

space and time are reconciled into a single trajectory with the assumption that only one vehicle can 

occupy a certain space at a given point in time. The final set of trajectories is then smoothed using the 

Modified Bryson Frazier Smoother (MBF). Object classification is performed based on the object’s 

dimensions and speed and the intersection polygons where the object was detected. The scheme of the 

tracking process after background identification is shown in Figure 1. 

 
Figure 1: Schema for Tracking after Identification of Background 
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3. EVALUATION 
Data collection for evaluating the LiDAR-based system was conducted at two sites located in West 

Lafayette, Indiana. The first site is a signalized pedestrian crossing intersection located at 504 

Northwestern Avenue. The second site is a four-leg signalized intersection located at State and North 

Grant Street. Vehicle dimension estimates and accuracy of detection and tracking for vehicles and VRUs 

are included in the evaluation. 

3.1. Vehicles Dimensions 
The vehicle dimensions were evaluated by estimating the discrepancy between a vehicle’s dimensions 

reported by the LiDAR and the manufacturer’s specifications. The results of this comparison are shown 

in Table 1. The observations were divided into heavy and non-heavy vehicles. The results indicate a 

rather small but systematic underestimation of the dimensions; and the standard deviations were greater 

for heavy than for non-heavy vehicles. Their performance at the two evaluated sites were comparable. 

In general, the system was more accurate when detecting the height of the object, which was attributed 

to the fact that the tops of the objects were always visible from the LiDAR’s elevated viewpoint. 

Table 1: Comparison of dimensions reported and real dimensions 

Intersection Type of Vehicle 
Number of 

Observations 

Length  

(Std. Dev.) 

Width    

(Std. Dev.) 

Height     

(Std. Dev.) 

504 

Northwestern 

Non-heavy 

vehicle 
88  -0.51 (0.52) -0.39 (0.22) -0.06 (0.26) 

Heavy vehicle 6  -0.15 (0.66) 0.02(0.14) -0.01 (0.40) 

State and Grant  

Non-heavy 

vehicle 
101  -0.33 (0.37) -0.34 (0.22)  0.06 (0.33) 

Heavy vehicle 10 -0.10 (0.48)  -0.20 (0.16) -0.15 (0.19)  
 

3.2. Trajectories of Vehicles and VRUs 
The second component of the evaluation includes estimating the accuracy of the detection and tracking 

models. The evaluation is assessed for vehicles and vulnerable road users (VRU), separately. Computer-

aided processing of video images was selected as the benchmark method for evaluation of detection and 

tracking results. The most accurate version of this technique requires extraction of the objects’ positions 

on the video images frame-by-frame by human observers and then conversion to the real-world 

coordinate system. The data extraction is executed every 0.1 seconds.  

The detection and tracking capabilities with LiDAR were evaluated with the MOTA and MOTP metrics, 

(Bernardin & Stiefelhagen, 2008). The MOTA metric evaluates the detection accuracy by taking into 

account the number of misses, false positives, and changes in ID identified during the evaluation period. 

On the other hand, MOTP measures the average accuracy when estimating position of the detected 

objects. Figure 2 and Figure 3 show the MOTA values for vehicles and VRUs, respectively. The range 

of extraction of pedestrians and vehicles on State and North Grant Street intersection was up to 47 m. 

On 504 Northwestern Avenue the extraction range was up to 56 m. 

According to Figure 2, the system provided consistent detection above 80 % for vehicles within a range 

of 50 m at 504 Northwestern Avenue. The vehicle detection rate on State and North Grant Street was 

influenced by occlusion problems from the beams of the LiDAR, which hit the vehicles at the front of 

the queue on the westbound approach. Figure 3 provides an evaluation of the detection rate for the VRUs 

including bicyclists and pedestrians. Detection of VRUs in this version of the algorithm was restricted 
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to trajectories on the pavement. The MOTA metric for the VRUs was consistently above 70% within 

the range of 50 m. A lower number of returned points, as well as obstructions from the vehicles, affected 

the detection of pedestrians and bicyclists.  

 
Figure 2: MOTA Values at Different Ranges for Vehicles 

 

 
Figure 3: MOTA Values at Different Ranges for VRUs 

 

The MOTP measured the discrepancies between the positions reported by LiDAR and video. The 

standard deviations in meters are shown in Table 2. Based on the results in this paper, the position 

diverges in approximately one meter when comparing the video trajectories. A positive correlation 

between the distance to the sensor and the discrepancy between the position estimates is apparent, which 

was most likely produced by the projective distortion phenomenon on the video. Problems with 

estimating the centroids of vehicles detected with fewer LiDAR readings at long distances tended to 

increase this discrepancy as well.   
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Table 2: Discrepancy in position estimation at different ranges (MOTP) 

Intersection 
Range 

(m) 

Vehicles VRUs 

Number  

of Obs. 

Error 

Mean 

(m) 

Error 

Standard 

Deviation 

(m) 

Number  

of Obs.  

Error 

Mean 

(m) 

Error 

Standard 

Deviation 

(m) 

504 

Northwester

n Avenue 

10-20 2450 0.867 0.664 1209 0.448  0.282 

20-30 3432 0.846  0.603 1662 0.374  0.242 

30-40 1919 0.893  0.705 1534 0.456  0.313 

40-50 343 1.135  1.223 599 0.690  0.312 

State & 

North Grant 

Street 

10-20 3559 0.790  0.539 988 0.959  0.295 

20-30 2886 0.864  0.699 376 1.083  0.352 

30-40 3073 1.006  1.037 100 1.334  0.488 

40-50 496 1.758  0.714 0 - - 

 

4. CONCLUSION 
This paper evaluated the feasibility of detecting and tracking vehicles, bicyclists, and pedestrians at 

intersections using stationary LiDAR.  Acquiring the 3D location data of the surrounding environment, 

identifying and estimating the pavement surfaces, and processing the LiDAR measurements to detect 

and track moving objects were the main components of the project.  

The method devised in this study demonstrated promising performance by LiDAR. Better results are 

expected when improving density either through the addition of another LiDAR sensor or through 

integration with video. Video camera provides dense appearance information not available from the 

sparse density points collected from LiDAR. Appearance information and better color sensing can 

improve clustering process of data points and a better representation of detected objects in the exiting 

method. The current algorithms are applicable to any sensor as long as the native readings are converted 

to 3D point clouds in the XYZ Cartesian coordinates. Thus, most of the components of the method 

generally can be used with little to no modification. 
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