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Abstract 

We address the issue of Euclidean path mu& ling in a sin- 
gle camera for activity monitoring in a multi-camera video 
surveillance system m e  paperpmposes a novel linear so- 
lufwn ro auto-calibrafe any camera observing pedestrians 
and uses these calibrated cameras to detect unusual object 
behaviot: The input rrajectories are metric rectified and #e 
inpur sequences are registered to rh sarellia imagery and 
prototype pa# models are constructed. During #e testing 
phase, using our simple yet eflcient similarity measures, we 
seek a relation between the input trajectories derivedfrom a 
sequence a d  h e  protorype path models. Real-world pedes- 
rrian sequences are used ro demonstrate rhe practicality of 
h e  proposed method 

1. Introduction 
In path modeling and surveillance, we aim to build a sys- 

tem that, once given an acceptable set of trajectories of ob- 
jects in a scene, is able to build a path model. Our goal is to 
learn the routes or paths most commonly taken by objects as 
they traverse through a scene. Once we have a model for the 
scene, the method should be able to classify incoming tra- 
jectories as conforming to our model or not. Moreover, as 
common pathways are detected by clustering the trajecto- 
ries, we can efficiently assign detected trajectory its associ- 
ated path model, thereby only storing the path label and the 
object labels instead of the whole trajectory set, resulting 
in a significant compression for storing surveillance data. 
01ie very irnpor~anl rnolivalion lor his syslenl is buildi~ig a 
topology of the scene. 

After successfully detecting and tracking the observed 
pedestrians using Javed et al. [3], the first step is the re- 
moval of projective distortion from the object trajectories. 
Thus upgrading them to Euclidean trajectories. This is only 
possible once the camera is calibrated and we do this by ob- 
serving the moving pedestrians. Original work on camera 

*The sup* of the National Science Foundation(NSF) through the 
Grant # IIS-0644280 js gratefully acknowledged. 

calibration using vanishing points started from the seminal 
paper by Caprile and Torre [I]. Liebowitz et al. [6] devel- 
oped a method to compute the camera intrinsics by using 
the Cholesky Decomposition [2]. Recently, Lv et al. [7] 
and Mendonqa [51 proposed methods for auto-calibration 
by observing pedestrians. 

Once the object trajectories are metric rectified, a path 
model for the scene is constructed. The most related work 
is that of Makris and Ellis (81 where they develop a spatial 
model to represent the routes in an image. Once a trajectory 
of a moving object is obtained, it is matched with routes 
already existing in a database using a simple distance mea- 
sure. If a match is found, the existing route is updated by a 
weight update function; otherwise a new route is created for 
this new trajectory having some initial weight. The system 
cannot lstinguish between a person walking and a person 
lingering aroulid, or be~weeri a ru111iirig aid a walki~ig per- 
son. There exist no stopping criteria for merging of routes. 

In this paper, we present a novel linear method to met- 
ric rectify object trajectories by observing pedestrians in a 
scene(Section 2). A novel application of Normalized-cuts 
is used to cluster the rectified trajectories into distinct paths 
(Section 3). Once the trajectories are clustered, we extract 
meaningful features to build our model and check the con- 
lorrnily o l  a LGSL vajec~ory LO our buil~ path rnodel (Secho~i 
4). We rigourously test the proposed method on real and 
synthetic data and the results are encouraging (Section 8). 
We also demonstrate an application of the proposed method 
for registration to the satellite imagery (Section 7). 

2. Training Phase 

During training phase, our goal is toflrst: calibrate the 
camera. Once the camera is calibrated, the extracted object 
trajectories are metric rectified. Second, to cluster the in- 
put lrajectories and a build a model based on our features 
(Section 3) which are then be used to test the incoming ua- 
jecwries. 
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Figure 1. (Left): A pdestriau detected at two different time in- 
stances provides vertical vanishing point (v,) and an another van- 
ishing point (v') lying on thc horizon linc of thc ground planc. 
(Right): Trachng pedeshians over any two frames provides two 
harmonic homologies. 

2.1. Camera Calibration from pedestrians 
As an object or a pedestrian of height h traverses the 

ground plane, each location on this plane corresponds to 
exactly one location on the head plane. Without loss of 
generality, for a simple case of two frames, as shown in 
Fig. 1, this correspondence can be mapped by a homogra- 
phy. In fact, this special type of homography is referred to 
as a homology [Z]. We refer to this homology as the vertical 

v lT homology: H, = 1 - p, e, where v, and 11 are, respec- 
tively, apex and axis of the homology. Another important 
geometric relation, so far ignored in existing literature on 
camera calibration from pedesuians, is the homology exist- 
ing between different locations of a pedesuian (cf. Fig. 1). 
The line joining the head locations (tl and t 2 )  intersects the 
line joining the feet location (b l  and b2) at a point v' on the 
line at infinity (L), forming another homology which we 
refer to as horizontal homology: Hh = 1 - ph $$, where 
1 1 , 1 2 ,  v' and v, are as depicted in Fig. 1. A homology has 
five degrees of freedom. But this homology can be replaced 
by harmonic homologies. Harmonic homology is a special 
type of a homology such that ph = = -1 [ZI. This 
reduces the degree of freedom to four i.e. only two point 
correspondences are needed to determine this harmonic ho- 
mology. Also, a harmonic cross-ratio exists, given as: - - 

C ~ Q ~ V Z ,  t l ,  PI, 61) = (*)/(%I = -1 
Similarly, Cross(vf , t2, q2,  t l  ) = -1 for Hh. Thus, in 

absence of noise, only two frames are required to calibrate 
the camera using these cross ratios. 

2.2. Rectifying Trajectories 
The line at infinity 1, intersects w at two complex 

conjugate ideal points I and J, called the circular points 
[21. The conic dual to the circular points is given as 
C; = I JT  + J I T ,  where CL is a degenerate conic con- 
sisting of two circular points. Under a point transformation, 
C;, invariant under similarity transformation, transforms 
as: 

(a) (b) (c) (4 
Figure 2. Rectified lkajectories:(b) represents reconstructed tra- 
jectories for Seq #2 - shown in (a), while (d) represents Seq #3, 
shown in (c), rectified. 

where Hp and HA mrespectively the projective and affine 
components of the projective transformation. Once C&, is 
identified, a suitable rectifying hornography is obtained by 
using the SVD decomposition: C& = U o 1 0 UT [: : :I 
where U is the rectifying projectivity. Fig. 2 depicts some 
results obtained by rectifying the obtained training trajecto- 
ries finm nne of nut tast sequences. 

From here on, all references to 2-D image coordinates 
and trajectories imply rect@ed 2-D image coordinates and 
rect@ad trajectories, respectively. 

3. Path Model Construction 
A typical scene consists of a single camera mounted on 

a wall or on a tripod looking at a certain location. For 
any object i tracked through n frames, the 2-D image co- 
ordinates for the trajectory obtained can be given as Ti = 
{(XI, 2111, (52,2/2), ... (xn, 21n)I. 

Wc track thc fcct of thc objccts for morc prccisc mca- 
surement. The trajectories obtained through the tracker are 
sometimes very noisy; therefore, trajectory smoothing is 
perfomled. 
lkajectory Clustering: Clustering has to be based on some 
kind for similarity criteria. We choose the llausdorff dis- 
tance as our similarity measure. For two trajectories Ti 
and Tj, the Hausdorff distance, D(T,, T ~ ) ,  is defined as 
D(T4, Tg = maxjd(T4, Tg 1, d(Tj, T4))1, where 

One advantage of using Hausdorff distance is that it al- 
lows us to compare two trajectories of different lengths. In 
order to cluster trajectories into different paths, we formu- 
late a complete graph where the weight of each edge is de- 
termined by the Hausdorff distance between the two tra- 
jectories. Spatially proximal trajectories will have small 
weighs because 01 lesser Hausdorfl dismnce, aud vice 
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