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COMPUTER VISION ROBOTICS RRESEARCH LABORATORY TECHNICAL REPORT DECEMBER 2004 1
 Performance Evaluation of a Vision Based LaneTracker Designed for Driver Assistance Systems
 Joel C. McCall and Mohan M. TrivediComputer Vision and Robotics Research Laboratory
 University of California, San Diego
 Abstract— Driver assistance systems that monitor driver intent,warn drivers of lane departures, or assist in vehicle guidanceare all being actively research and even put into commercialproduction. It is therefor important to take a critical look atkey aspects of these systems, one of which being lateral positiontracking. In this paper we present an analysis of lateral positiontracking in the context of driver support systems and examineprevious research in this area. Using this analysis we present alane tracking system designed to work well under a variety ofroad and environmental conditions. We examine what types ofmetrics are important for evaluating lateral position accuracyfor specific overall system objectives. A detailed quantitativeevaluation of the system is presented in this paper using a varietyof metrics and test conditions is given.
 I. I NTRODUCTION
 W ITHIN the last few years, research into intelligentvehicles has expanded from being driven mainly by
 autonomous driving and autonomous robot applications toapplications which work with or for the human user. Humanfactors research is merging with intelligent vehicle technologyto create a new generation of driver assistance systems thatgo beyond automated control systems by attempting to workin harmony with a human operator. Lateral position determi-nation is an important component of these new applications.Systems that monitor driver intent, warn drivers of lanedepartures, or assist in vehicle guidance are all emerging [1]–[4]. With such a wide variety of applications it is importantthat we examine how lateral position is detected and measureperformance with relevant metrics in a variety of environmen-tal conditions.
 In this paper will will first take a critical look at the overallobjectives of these types of driver assistance systems andexamine how lateral position detection plays a role. Next, insection II, we will take a look at previous research in thisarea. In section III, we will explore the development of alateral position detection system in the context of a driverassistance system. Finally, in section IV we will quantify thelateral position accuracy using a number of metric relevant fordriver assistance applications.
 A. System Objectives
 In this paper we will look at driver assistance applicationsof lateral position detection algorithms as illustrated in figure1. For these applications it is important to examine the rolethat the lateral position sensors and algorithms will take in the
 system, and design the system accordingly. The distinguishingcharacteristics of these systems are:
 • Lane Departure Warning SystemsFor a lane departure warning system, it is importantto accurately predict the trajectory of the vehicle withrespect to the lane boundary. [5]
 • Driver Attention Monitoring systemsFor a driver attention monitoring system, it is important tomonitor the drivers attentiveness to the lane keeping task.Measures such as the smoothness of the lane followingare important for such monitoring tasks. [4]
 (a) lane departure warning (b) driver attention monitoring
 Fig. 1. Illustrations of systems which require lateral position, and keyperformance metrics associated with the system objectives
 (a) (b) (c)
 (d) (e) (f)
 Fig. 2. Images depicting the variety of road markings for lateral positiondetermination
 B. Environmental Variability
 In addition to the application of the lateral position sensingit is important to evaluate the type of conditions are expectedto be encountered. Road markings can vary greatly not onlybetween regions, but also over nearby stretches of road. Roadscan be marked by well-defined solid lines, segmented lines,circular reflectors (or ”Botts Dots”), physical barriers, or even
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 nothing at all. The road surface can be comprised of lightor dark pavements or combinations thereof. An example ofthe variety of road conditions can be seen in figure 2, alltaken from roads within a mile of each other to show thevariety even within a small region. In this figure, (a) showsa relatively simple scene with both solid line and dashed linelane markings. Lateral position in this scene can be consideredrelatively easy because of the clearly defines markings anduniform road texture. Item (b) shows a more complex scenein which the road surface varies and markings consist ofcircular reflectors as well as solid lines. Item (c) shows acombination circular marking and dashed line marking as wellas a physical barrier. Item (d) shows a road marked solely withcircular reflectors. Items (e) and (f) show complex shadowingobscuring road markings. Along with the various type ofmarkings and road , weather conditions and time of day canhave a great impact on the visibility of the road surface, asseen in figures 2e-f and 3.
 Fig. 3. Images of the same stretch of road shown in the daytime and nighttime
 II. PREVIOUS WORK
 Road and lane markings can very greatly, making thegeneration of a single feature extraction technique difficult.Edge based techniques can work well with solid and dashedlines, and can even be extended to attempt to compensate forcircular reflectors [6]. Frequency based techniques, such asthe LANA system [7], have been shown to be effective indealing with extraneous edges. Other techniques, such as theRALPH system [8], base the lateral position on an adaptiveroad template. These methods generally assume a constantroad surface texture and can fail in situations such as in figure2b.
 Road modelling can be effective in increasing system per-formance by helping to eliminate false positives via outlierremoval. A variety of different road modelling techniques havebeen used. This variety of techniques stems from the widevariety of roads. Bertozzi and Broggi [9] assumed simply thatthe road markings for parallel lines in an inverse perspectivewarped image. More recently, deformable contours such assplines have been used to parameterize roads [10].
 The two most common tracking techniques used in lateralposition detection systems are Kalman filtering [11] andparticle filtering [12]. In these systems, feature extractionand position tracking are often combined into a closed loopfeedback system in which the tracked lane position defines ana priori estimate of the location and orientation of the extractedfeatures.
 III. V ISION BASED LATERAL POSITION DETECTION FOR
 DRIVER ASSISTANCE
 Breaking down the design into the modules described inII helps to create a lateral position detection system focusedon one or more of the system objectives described in sectionI-A and capable of handling a variety of the environmentalconditions explored in section I-B. By examining the systemone piece at a time and understanding how that choice mightaffect overall system performance we can optimize our systemfor our application.
 Fig. 4. System flow for driver assistance focused lateral position tracking
 The system described in this section is intended to provideaccurate lateral position over time for the purposes of driverassistance. This includes lane departure warning and driverintent inferencing. The intended environment for the lateralposition detection is daytime and nighttime highway drivingunder a variety of different roadway conditions. These roadconditions include shadowing and lighting changes, road sur-face texture changes, and road markings consisting of circularreflectors, dashed lines, and solid lines. The overall systemthat we have implemented is diagramed in Figure 4.
 In this section we will describe each of the system modulesand the motivation behind their development. The featureextraction and overall system is based upon our previous workpresented in [13]. In the system presented in this paper, weexpand our previous work to include more robust curvaturedetection, improve the road model, present an analysis ofthe metrics used to quantify performance, and present adetailed quantitative analysis of the performance under varyingenvironmental and road conditions.
 A. Vehicle and Road Modelling
 Our system objective requires a road and vehicle modelthat retains accuracy for distances of at least 30-40 meters.This is required because, in critical situations in which driverassistance systems are useful, a prediction of the vehicletrajectory at least one second ahead of the vehicle is necessary.A simple parabolic road model, as shown in figure 5, incor-porates position, angle and curvature while approximating a
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 Fig. 5. Vehicle and road models used in the system
 clothoid model commonly used in the construction of highwayroads [11]. In the figure,Xs represents the lateral offset alongthe center of the road,Zs represents the distance in front ofthe vehicle,P represents lateral position,θ represent the laneangle,C represents lane curvature,Ψ represents the steeringangle, andW represents the lane width. Equation 1 describesthe road down the center of the lane while equation 2 describesthe road at the lane boundaries.l takes the value of 1 for theleft lane and -1 for the right lane. Lane width is assumedlocally constant, but is updated via a Kalman filter describedin section III-E. The vehicle dynamics are approximated usinga bicycle model similar to that used in [14].
 Xs(Zs) = P + θZs + CZ2s (1)
 Xborder(Zs) = P + θZs + CZ2s +
 lW
 2(θ + CZs)2 + 2(2a)
 Zborder(Zs) = Zs − lW (θ + CZs)2(θ + CZs)2 + 2
 (2b)
 B. Road Feature Extraction
 As previously discussed, road feature extraction is a difficultproblem for a variety of reasons. For our objective andintended environment, it is necessary to have a robust estimateof road features given a variety of road marking type andconditions. Making the problem even more difficult is thenecessity for fast algorithms for feature extraction. To thisend, we have found features extracted by using steerable filtersprovide robust results for multiple types of lane markings.
 G2θ(x, y) = Gxx cos2 θ + Gyy sin2 θ + Gxy cos θ sin θ (3)
 θmin = arctan(Gxx −Gyy −A
 2Gxy) (4)
 where
 A =√
 G2xx − 2GxxGyy + G2
 yy + 4Gxy (5)
 Gxx, Gxy, and Gyy represent second derivatives of a two-dimensional gaussian.
 Using the formulas 3 and 4, we can evaluate the response fora given lane angle for solid lines or find the minimum responsefor circular reflectors [13]. Figure 6 shows a typical highwayscene with lane markings consisting of both circular reflectorsand solid lines along with the image after being filtered andthresholded by the minimum response value.
 These results show the usefulness of the steerable filterset for relatively normal highway conditions. This filtering
 Fig. 6. Application of Steerable filter road marking recognition for circularreflectors on a highway
 technique is also very useful for dealing with shadowedregions of road. Figure 7 below shows a road section thatis shadowed by trees and the filter response tuned for the laneangle.
 Fig. 7. Filter results when lane markings are shadowed with complex shadowsand non-uniform road materials.
 C. Road Curvature Estimation
 Some sections of road within our intended environmentare marked solely by circular reflectors as is seen in figure2f. These circular reflectors are too small to be seen withthe cameras used in our configuration at distances greaterthan about 20 meters. In these situations an adaptive templateis used to measure curvature beyond the range of what isdetectable by road markings alone. Curvature detection isperformed by matching a template of the current road to theroad ahead, then fitting the detected results to the lane modeldescribed in section III-A. Figure 8 shows the results of thecurvature detection system.
 D. Postprocessing and Outlier Removal
 In order to perform robust tracking in situations such as infigures 2 and 3, some more post-processing on the filter resultsis performed. First, only the filter candidates within the vicinityof the lanes are used in updating the lanes. This removesoutliers from other vehicles and extraneous road markings.Secondly, for each lane, the first and second moments ofthe point candidates are computed. Straight lane markingsshould be aligned so that there is a high variance in the laneheading direction and a low variance in the other direction.Outliers are then removed based on these statistics. Finally,for circular reflectors, the speed of the vehicle is used tocalculate the expected location of the reflector half framesof an interleaved frame. This is performed using the inverse
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 Fig. 8. Images showing curvature detection. Clockwise from upper left:Detected lanes overlaid onto image, aerial view with vehicle path highlighted,reconstructed top view from multiple cameras with lanes overlaid, inverseperspective warping showing curvature dtection and template
 perspective equations described in 6.T and R represent thetransformation and rotation of the camera respectively. theworld coordinate Y is assumed zero because of the flat planeroad model. Circular reflectors which do not move as predictedby the ground plane are removed as outliers. Because thealgorithm uses a local search about the lanes for candidates, itrequires initialization. In testing, it was sufficient to initializethe lane tracker position and trajectory to zero (correspondingto the center of the lane).
 [ximage
 yimage
 ]=
 [X/ZY/Z
 ],
 XYZ
 =
 [R T
 ]
 Xworld
 0Zworld
 1
 (6)
 E. Position Tracking
 Position Tracking for our objective of driver assistanceis vitally important. Position tracking can provide improvedresults in noisy situations and generate other useful metricsimportant for the overall system objective. Kalman filteringprovides a way to incorporate a linearized version of thesystem dynamics to generate optimal estimates under theassumption of gaussian noise. Kalman filtering also providesestimates of state variable which are not directly observable,but may be useful for the system.
 The Kalman filter state variables are updated using the laneposition and angle estimates along with measurements of yawrate (from steering angle) and wheel velocity. These measure-ments are then used to update the discrete time Kalman filterfor the road and vehicle state as described in section III-A.The system and measurement equations as well as the Kalmanstate equations at time step k are shown below. Road curvatureahead of the vehicleC (as apposed to the second derivativeof position) is currently tracked separately.
 xk+1|k = Axk|k + Buk (7)
 yk = Mxk (8)
 wherex = [P, P = tan θ, P ,W ]T (9)
 A =
 1 v∆t (v∆t)2
 2 00 1 v∆t 00 0 1 00 0 0 1
 (10)
 Buk = [0, Ψ∆t, 0, 0]T (11)
 M =
 1 0 0 00 1 0 00 0 0 1
 (12)
 IV. EXPERIMENTS AND PERFORMANCEEVALUATION
 Lane detection systems have been studied quite extensively,and several metrics for the evaluation of lateral position errorhave been proposed [15]. However, most proposed algorithmshave shown limited numerical results or simply selected im-ages of the algorithm results. While these images can provideinformation on the performance of road marking extractionin specific contexts, they fail to account for errors involvedin transforming image coordinates to world coordinates andcannot be used to quantitatively compare different algorithms.In order to adequately measure the effectiveness of a lateralposition detection system in a specific context or system,specific metrics must be used. In this section we will explorethe usefulness of a variety of performance metrics and showhow the algorithm described in this paper performs based onthese metrics in a variety of test conditions.
 A. System Test-bed Configuration and Test Conditions
 The video inputs to the system are taken from a forwardlooking rectilinear camera for our test results, but can be takenfrom any number of cameras on our test bed vehicle. For moreinformation on this test bed, please refer to [16]. Informationabout the vehicles state including wheel velocities and steeringangle are acquired from the car via the internal CAN bus.
 Testing was performed on highways in southern California.These highways contained road conditions shown in figures 2and 3. Namely this includes:
 • lighting changes from overpasses.• both circular lane markers and painted line lane markers.• shadowing from trees and vehicles.• changes in road surface material.
 A camera directed downwards at the road on the side of thevehicle provided a good view for generating positional groundtruth data. Figures 9 and 10 show results from the algorithmplotted along with the ground truth data.
 B. Metrics For Objective-Specific Performance Evaluation
 The most common metrics for lateral position performanceevaluation are mean absolute error and standard deviation oferror. While this provides a good estimate of the performanceof a lateral position tracker for system objectives such ascontrol and driver intent, it lacks usefulness in quantifyingthe accuracy for other objectives. For example, road departure
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 Fig. 9. Detected lateral position in meters (solid blue) superimposed onground truth (dashed red) plotted vs. frame number with dashed lines markingthe position of lane boundaries for an 11,000 frame (slightly over 6 minute)sequence.
 Fig. 10. Detected departure rate inm/s2 (solid blue) superimposed onground truth (dashed red) plotted vs. frame number with dashed line markingthe abscissa for the same sequence shown in figure 9.
 warning is an objective in which the TLC and rate of approachto the road boundary are important. For this reason it isimportant to use a variety of performance metrics whenevaluating a system rather than just one.
 Several metrics have been proposed to evaluate the perfor-mance of driver lane change intent and road departure warningsystems. Most of these involve looking at the system as awhole and measuring false positives, false negatives, or thetime it takes to trigger an alarm [1], [15], [17]. However,because the systems involve collection of data other than justlateral position it is difficult to decouple the lane positionperformance from the system performance using these typesof metrics. In order to generate an accurate prediction ofperformance with these objectives, it is necessary to examinethe accuracy of the parameters used by the system. In thissituation, we expect the metrics of error distribution of therate of change of lateral position to provide good indicatorsof system performance.
 C. Evaluation and Quantitative Results
 In order to provide a more complete test our system, wechose to quantify the error using three different metrics. Thethree metrics we chose are standard deviation of error (tableI), mean absolute error (table II), and standard deviation oferror in rate of change of lateral position (table III).
 Fig. 11. The 65 kilometer route used in testing overlayed on aerialphotography. (photography courtesy USGS)
 Results were analyzed according to these metrics under thevariety of conditions described in section IV-A. More specif-ically, data was collected following the roughly 65 kilometerroute shown in figure 11 during both daytime and nighttime.Scenes from each of these corresponding to the points A, B, C,and D in figure 11 along with an aerial view of the individualpoints are shown in figure 12.
 Fig. 12. Scenes from aerial views (row 1), daytime (row 2), and nighttime(row 3)
 After examining the results shown in tables I, II, and III,it is interesting to note that the system actually performsbetter at night. This can be attributed to the larger contrastin road markings due to their reflective nature as well asthe lack of complex shadows formed by trees and vehiclesduring the daytime. complex shadows hampers the systems
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 TABLE I
 RESULTS FROM THESTANDARD DEVIATION OF ERROR PERFORMANCE
 METRIC EVALUATED UNDER VARIOUS LIGHTING AND ROAD CONDITIONS.
 Standard Deviation of Error (cm)Time of Day Day Night Combined
 Solid Lines 12.1191 9.8588 11.0193Circular Reflectors 13.1245 10.6518 11.8130
 Combined 12.6619 10.3261 11.4714
 TABLE II
 RESULTS FROM THEMEAN ABSOLUTE ERROR PERFORMANCE METRIC
 EVALUATED UNDER VARIOUS LIGHTING AND ROAD CONDITIONS.
 Mean Absolute Error (cm)Time of Day Day Night Combined
 Solid Lines 9.5112 6.8450 8.1503Circular Reflectors 9.8430 8.7476 9.2352
 Combined 9.6629 7.9558 8.7616
 TABLE III
 RESULTS FROM THE DEPARTURE RATE PERFORMANCE METRIC
 EVALUATED UNDER VARIOUS LIGHTING AND ROAD CONDITIONS.
 Standard deviation of error indeparture rate metric (cm/s)
 Time of Day Day Night Combined
 Solid Lines 0.2716 0.2079 0.2442Circular Reflectors 0.2808 0.2455 0.2617
 Combined 0.2766 0.2304 0.2531
 ability to detect circular reflectors in scenes such as thatshown in figure 7. Furthermore, the difference in departure rateperformance between daytime and nighttime driving wouldpoint to increased number of successful detections (i.e. thosenot eliminated by outlier removal). The comparatively smallergain in standard deviation performance over mean absoluteerror might suggest that the tracking at nighttime performedbetter in general, but still contained cases where the trackingwas off. This is because the mean absolute error metric is lessinfluenced by the small amounts of data points which containa larger amount of error. Also, roads that are marked withsolid line markings had better results than areas marked onlywith circular reflectors again most likely for the reasons justdescribed.
 V. CONCLUSION
 In conclusion, we have discussed how the overall systemobjective, environment, and sensor systems affect the designdecisions when designing a lateral position tracker. We haveshown a new type of lane tracker based upon these designcriteria. Finally, we have examined the metrics used to quantifyaccuracy of lateral position systems and presented detailedquantitative results that are relevant to the systems applicationin a driver assistance vehicle.
 Specific examples of the types of applications that thislateral position tracker was designed to be used are thosedescribed in Huang et al. [18], McCall et al [4], and Gandhiet al. [19]. These systems are designed to capture the entirevehicle context including vehicle surround, vehicle state, anddriver state.
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