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Abstract

Analysis of human activity from a video camera is simpli-
fied by the knowledge of the camera’s intrinsic and extrin-
sic parameters. We describe a technique to estimate such
parameters from image observations without requiring mea-
surements of scene objects. We first develop a general tech-
nique for calibration using vanishing points and vanishing
line. We then describe a method for estimating the needed
points and line by observing the motion of a human in the
scene. Experimental results, including error estimates, are
presented.

1 Introduction

Observation of human activity from a stationary camera
is becoming of increasing interest for many applications.
This problem can be aided greatly if the camera is cali-
brated meaning that its intrinsic parameters and its position
and orientation with respect to some reference in the scene
are known [5]. Camera parameters can be obtained by using
standard methods if a calibration object or measurements of
enough 3-D points in the scene are available [6]. Such mea-
surements, however, are not always available and this hasin-
spired research in self-calibration methods. Vanishing points
of parald lines have proven to be useful features for this
task. Caprile and Torre described a method to use vanish-
ing points to recover intrinsic parameters[1]. Liebowitz et al
have developed a method to estimate intrinsic parameters by
Cholesky decomposition [2] and to reconstruct scene geome-
try by using projective geometry methods; they do not explic-
itly compute the extrinsic parameters. Cipolla et al present a
method [4] to compute both intrinsic and extrinsic parameters
by using three orthogonal vanishing points and one reference
point.

We describe an approach similar to [2] and [4] for estimat-
ing both intrinsic and extrinsic parametersfrom three orthog-
onal vanishing points and an object of known height. Our
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method differsin deriving a direct solution of the parameters
without using matrix manipulations, which should result in
greater numerical stability. One vertical vanishing point and
a horizontal vanishing line provide an approximate solution
with some assumptions.

Many scenes of interest may not contain parallel lines
or these may be hard to find automatically. We propose a
method to estimate the vertical vanishing point and the hori-
zontal vanishing line by observing the motion of asingle hu-
man in avideo sequence. Human motion should be available
naturally in videos acquired for human activity observation.

We first describe our method for calibration from three
orthogonal vanishing points and then its use by observing a
walking human. Some experimental results, including error
estimates are presented.

2 Calibration from three vanishing points

The perspective projection model can be represented by
a 3x4 matrix M. Let mq, mo and m3 represent the three
row vectors. Then the image coordinates (u, v) of apoint P
expressed in homogeneous coordinate system, are given by:

{ u = (my-P)/(ms-P) (1)
v = (my-P)/(ms-P)

M isdetermined by eleven cameraparameters. We useasim-
pler model by assuming that the camera has zero skew and
unit (or known) aspect ratio, which is common for a CCD
camera[2]. Let a World Coordinate System (WCS), defined
by three orthogonal vectors X, Y and Z be placed such that
the origin of the Camera Coordinate System (CCS) is verti-
cally above (i.e. along the Y -axis) the WCS origin as shown
in Fig.1. We will call the X-Z plane as the ground plane.

To cdlibrate the camera, we need to know the three in-
trinsic parameters (the focal length f, the principa point
(uo,vp)) and four extrinsic parameters (the tilt angle 3, the
pan angle « and the yaw angle ~ that describe the rotation
transform between the WCS and CCS, and the height of the
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Figure 1: WCS and CCS

camera H.). M isthen given by:
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ca, sa, ¢f8, sf, ¢y and sy denote cos(a), sin(a), cos(f),
sin(B), cos(y) and sin(~y) respectively.

2.1 Geometrical properties of vanishing points

Property 1: Images of afamily of parallel lines pass through
a common point in the image plane called their vanishing
point. From Equ.1 and 2, the image coordinates of the van-
ishing point can be derived as (see Appendix A):

Where (a, b, c) is the direction vector of the parallel lines.
Given three families of paralld linesin mutually orthogonal
directions, we can choose these to be the direction vectorsfor
the axes of the WCS (X, Y and Z). The vanishing points of
lines along these directions, say V, V,, V. can be obtained
from Equ.3 by setting (a, b, ¢) to be (1,0,0), (0,1,0) and
(0,0, 1) respectively and are given by:

( fi4uo, fi2+wo)
( fr2+uo, fi2+w0) (4)
(2 +uo, fPE+w)

Property 2: The orthocenter of the triangle with the three
orthogonal vanishing points as verticesis the principal point
(see Fig.2(b)), as shownin[1].

(b)

Figure 2: (&) Original image; (b) Vanishing points, horizon
line and principal point of the image.

Property 3: Vanishing points of families of parallel lines par-
alel to aplanelie on alinein theimage plane called the van-
ishing line (see Appendix B). If the lines are paralld to the
ground plane, the vanishing line is called the horizon line.
Vanishing points, horizon line and the principal point areil-
lustrated in Fig.2.

Property 4: The angle from horizontal line to the horizon
line (6 in Fig.2(b)) is equal to yaw angle v (from Equ.2 and
4, see Appendix C).

2.2 Computing camera parameters from three
vanishing points

Step 1: Given three orthogonal families of parallel lines, we
associate a WCS with them and compute (V,, Vy, V) by the
intersection of two or more parallel lines in the family. We
use an M-Estimator technique with the following weighting
function (5) for robust estimation [8].

1
w; = U/|1"i|
0

where r; is the residue error of the i-th point and ¢ is the
standard deviation of all residue errors. The initial estimate
is given by LMS method.

Step 2: Principal point (uq,vg) is computed from property 2.
Step 3: Yaw angle v is computed from property 4.

Step 4: (a) If v = 0, from Equ.2 and 4, we have

|1"i| S ag
o <|ri| <30 (5
3o < |ri

uy, = f xctan(a)/cos(B) +ug  (6.1)
vy, = —f xtan(B) + vo (6.2)
uy, = U (6.3) ©)
vy, = fxctan(B) + vo (6.4)
uy, = —f xtan(a)/cos(B) + up (6.5)
vy, = —f * tan(B) + vo (6.6)

From Equ.6.2 and 6.4, f isderived as:

f=1/~(ov. —w)(vy, —wo) (7)
From Equ.6.2and 7, 8 is derived as:
B = tan™((vo — vv,)/f) )
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Figure 3: Computing the height of camera

Figure 4: Any vertical structure like pole, trunk or human
body can be used to get the vertical vanishing point. The
horizon line is the apparent intersection of the earth and sky.

From Equ.6.1, 7 and 8, « is derived as:
a = ctan”*((uy, — ug)cos(B)/f) (9)

As shown in Fig.3, by the cross ratio invariance [3], we
have
H d(z',c)d(z,v)
7~ W ad,v) (19
If H, the height of a reference object is known, Equ.10
can be used to infer the height of the camera H ...

(b) If v#£0, we can rotate the image around the image origin
by « such that the horizon line is aligned with the horizontal
line. Now since the yaw angle of the new imageis zero, we
can apply steps above to this image. Suppose the result is
(f', uf,vi, o, B8,y = 0,H!), it can be easily derived that
the following are the parameters computed for the original
image: (f = f',ug = ugcosy — v\siny,vo = ujsiny +
’U(I)COS")/,Oé = alaﬁ = Blaﬁy:HC = Hé)

2.3 Approximate calibration using a vertical van-
ishing point and the horizon line

Use of the above method requires finding three orthogo-
nal families of paralél lines. Such lines may not be readily
available in many cases. Fortunately, in many such cases,
the vertical vanishing point and the horizon line can still be
known, as shown in Fig.4.
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Figure 5. Get the third vanishing point V. from V;, V; and
.

Once the vertical vanishing point and horizon line are
known, we can use the following approximate algorithm to
compute the camera parameters.

Step 1: Choose arbitrarily a point on the horizonlineas V.
Step 2: If v#£0, werotate theimage around image origin by v
such that the horizon line is aligned with the horizontal line.
V, and V,; are two vanishing points of the new image.

Step 3: Because the line passing through V,; and the princi-
pal point p’ is avertical line, the x coordinate of p’ is equal
to that of V). They coordinate of p’ approximatesto half of
the image height, which is reasonable because in many sit-
uations, the principal point is located near the image center
[2].

Step 4: Suppose L1 istheline passing through V] and p’, and
L2 is the line which passes through V,; and is orthogonal to
L1. Theintersection of L2 and the horizon line gives another
orthogonal vanishing point V/, as shown in Fig.5.

Step 5: Since al of three vanishing points are now known,
we can use the algorithm in Sec.2.2 to compute the camera
parameters.

3 Self-calibration by Walking Human

When points and lines needed to compute vanishing
points and horizon line are not readily available (or easy to
find automatically) from static scene structure, observing a
walking human can provide us an estimate of the vertical
vanishing point and the horizon line to perform camera cali-
bration as described below.

Suppose that we can observeahumanin N (N > 2) dif-
ferent locations in an image sequence, and that the head and
feet positions can be located. If we assume that the human's
body is vertical, al the principal axes of the body should in-
tersect at the vertical vanishing point V,,. The computation of
the principal axeswill be explained in Sec.3.1.

For any two locations, if we assume that the height of the
human remains constant, the line connecting the heads and
the line connecting the feet should intersect at a point on the
horizonline. If the N (IV > 3) locations of the human are not
all on astraight line, the horizon line can be fixed, as shown
in Fig.6.
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Figure 6: Using walking human to get the vertical vanishing
point and the horizon line.
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may be noisy due to the bad localization of head or feet po-
sitions. Therefore, a robust estimation technique is needed
to compute the accurate horizon line. Again we use an
M-Estimator to estimate the horizon line. First al the

intersections are computed and the initial weightsare

possible intersections, some of which

n

2
given by the angles between the two straight lines. The ini-
tial estimate is computed by aweighted LM S method and is
refined using the same weighting function asin Sec.2.2.

After we compute the vertical vanishing point and the
horizon line, the algorithm in Sec.2.3 is employed to derive
all the camera parameters.

3.1 Computing the principal axes, head and feet
positions

To apply above method, we need to accurately estimate
the principal axes and the head/feet positions of a walking
human in the image.

Human walking is a periodic maotion. At different phases
of awalking cycle, the shape of the body is different and the
height (i.e., the distance from the head top to the feet bottom)
also varies (see Fig.7.a and b for an example). But at the
same phase, the shape and the height of ahuman isthe same.
Particularly, at the phase when thetwo legs cross, the two feet
positions are nearby and the body is nearly vertical which
makes the principal axes and the position of the feet easier
to compute. Thus, we aim to detect a walking human from
the background, detect the leg-crossing phases, compute the
principal axes of the human’s body and locate the human’s
feet and head positions at those phases.

Moving foreground can be extracted fairly accurately with
a statistical background modédl (e.g., [7]). When the moving
objects (e.g., humans) are sparse in the image and thereis no
shadow or reflection, the moving blobs (connected compo-
nents extracted from moving foreground) correspond well to
the moving objects. The moving blobs can be tracked with a
blob tracker by spatial proximity and size similarity [5].

Let (€],€7), (vi,v?) bethefirst and second eigen vectors
and eigen values of the covariance matrix C'; of a detected
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Figure7: (a), (b) Eigen analysis on the human shape at differ-
ent phases. The arrows are \/vié! and \/v2é& respectively;
(c) Plot of ¢; over time; (d) FFT of (c).

blobin framet respectively. Fig.7.aand b show two example
of the computed eigen vectors and eigen values. We define
a quantity ¢; = v?/v; whose maximum value is achieved
when the walker’s two legs are most apart and whose mini-
mum value is achieved when the legs cross. ¢; isaso invari-
ant to the image size and insensitive to the orientation of the
walker. Acrosstime, ¢; exhibits periodic change (see Fig.7.c
for an example of the sequence in Sec.4.2). The principal
frequency of ¢, is computed by FFT (fast Fourier transfor-
mation, asin Fig.7.d). FFT of g¢, t € [0, 7 — 1] shows a peak
a fuae (in the example of Fig.7, fuee = 9), and the fre-
quency of q; iISF = fi.a./T. According to the computed
frequency of ¢;, we can segment the ¢; signal into cycles
(starting from thefirst frame). An average cycleis computed
and the leg-crossing phase is located in the average cycle by
finding the phase P that gives the minimum average value of
q:- Applying the F and P, al the leg-crossing phases during
t € [0,T — 1] arelocated by:

P,=n/F + P, naeintegersso that P,, € [0,T — 1]

The value of €} gives the principal axis of the body at
frame ¢, which will be used to compute the vertical vanishing
point. We find the positions of the head and the feet, at the
leg-crossing frame, by analyzing the histogram of the pro-
jection of human pixels on the direction of €}, as shown in
Fig.8.a. The head and feet are assumed to be located along
the principal axis of the body. Their locations aong the axis
are determined by finding the first point whose projection is
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Figure 8: (a) The histogram of the human pixels projected
on the first eigen vector; (b) The computed head and feet
position as marked with cross.

above athreshold.

In deciding the camera height, a reference height needs
to be specified. We assume that we know the height of the
human or assume an average height (Hp). In this case, the
camera height computed H, = g—:Hc, where H;, and H, are
the true heights of the human and the camera respectively.
This scale factor only affects H.. and the result of using this
camera model is that all the measured heights are scaled by
this factor.

When the human walks fast, the forward shift of his/her
center of gravity may cause the principle axesto lean forward
slightly. This could result in some inaccuracy in the compu-
tation of the vertical vanishing point. Considering multiple
walkers in opposite directions can solve this problem par-
tially.

4 Experimental results

The presented a gorithms have been tested on both a static
structure image and a walking human sequence. In order to
estimate its accuracy, some points with known 3-D coordi-
nates are given. We use the resulting projection matrix M to
compute their image points and measure the average Euclid-
ian distance between the computed image coordinates and
the actual image coordinates of each point. Notice that the
measured 3-D coordinates may be defined in a different co-
ordinate system than what we choose to bethe WCS; we need
to also estimate the rigid transformation between the two. If
two of the axes of the two systems are in the same plane (say
the ground plane), the transformation is determined by the
translation (a, b) of the two origins and the angle ¢ between
one axis from each in the ground plane. Given the positions
of two points in the ground plane, (a,b) and ¢ are given by
solving three equations.

We compare the result of our algorithm with the classical
linear calibration method [6] and method of Liebowitz et al.
[2]. Note that the latter algorithm does not explicitly com-
pute extrinsic parameters, so we use the intrinsic parameters
from this method and our approach to derive the extrinsic pa-
rameters.

Figure 9: Box image marked with three families of parallel
linesin mutually orthogonal directions. The reference height
(theright most line) is also shown.

4.1 Static structureimage

Fig.9 is taken with a KODAK DC280 digital camera and
theresolutionis 1760x 1168. 72 pointsin the image are used
to compute the camera parameters. Their 3-D positions are
also given in order to estimate the accuracy of the results.
Notice that the linear method computes only the projection
matrix and we did not decompose the matrix to get the cam-
eraparameters.

As we can see from Table 1, the linear method gives the
best result because the error is estimated on the same set of
points that are used to compute the projection matrix. In
this sense, the linear method is guaranteed to have the least-
squareserror. The presented method that usesthree vanishing
points as well asthe approximate algorithm generates similar
result asthat of Liebowitz's method.

Al A2 A3 A4
f(pixel) 27823 | 27820 | 271875 | na
uO(pixel) 836.2 837.5 837.2 n/a
vO(pixel) 590.5 584.0 588.7 n/a
pan(rad) 05870 | 05873 | 05874 | n/a
tilt(rad) 0.7468 | 0.7477 | 0.7476 | n/a
yaw(rad) -0.0022 | -0.0022 | -0.0022 | n/a
Hc(mm) 504.09 | 504.09 | 504.09 n/a
error(pixel) | 1.337 1377 1.370 | 0.793

Table 1: Results of static structure image (A1, A2, A3 and
A4 denote agorithm presented in Sec.2.2, the approximate
algorithmin Sec.2.3, modified method of Liebowitz et al. and
the classical linear algorithm respectively).

4.2 Walking human sequence

Fig.10 shows the result of the approach to calibrate the
camera by a waking human as described in Sec.3. The
sequence was taken with a SONY TRV11 digita cam-
corder and the image resolution is 360%x240. Fig.9.a
shows al the located frames of the leg-crossing over-
lad on one frame. Fig.9.b shows the head/feet pairs
as line segments, the estimated vertical vanishing point,
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Figure 10: (a) A set of overlaid images of a walking human
sequence; (b) Using this sequence to get the vertical vanish-
ing point and the horizon line.

the intersections of the line pairs connecting the human
heads and feet, and the estimated horizon line. The re-
sult camera parameters are ( f, wo, vo, pan, tilt, yaw, H.) =
(332.3,183,120,0.5940, 0.4007, 0.0438, 5247.87). Note
that f, up and vg arein unit pixel, pan, tilt and yaw in rad
and H. in unit mm. We use 12 known 3-D pointsto compare
the error with the result of linear method. The average error
of our method is 1.525 pixels and the average error of the
linear method is 0.532 pixels.

5 Summary and Conclusions

We have presented a camera calibration algorithm using
vanishing points and lines that only requires trigonometric
calculations rather than matrix manipulations. We have also
shown how the needed points and line can be estimated auto-
matically from observations of awalking humanin the scene.
We believe that the results indicate performancethat is quite
satisfactory especially for the task of human motion analysis
in video sequencesif not necessarily for architectural recon-
struction.

Appendix
A. Proof of Property 1:

Assume a line in WCS has direction vector (a, b, ¢) and
passes point (o, Yo, 20) - The parameterized equation of the
lineis:

Zwes = Cl + 2o
(11)

Twes = al + Zo, Ywes = bl + Yo,

From Equ.1, 2 and 11, we get the image of theline

1“31gaH—wo;+7“32£bl+y0;+T33£Cl+ﬂo;+t3
- fT21 al+zo)+r22(bl+yo)+7r23(cl+20)+t2 +u
ra1(al+zo)+r32(bl+yo)+ras(cl+z0)+t3 0

w = frulaltzo)triy(bliyo)tris(clizo)tty | )
{ f "2

Take limit of (12), as |— o0, we can get Equ.3. The po-
sition of the vanishing point depends only on the direction
(a,b, ¢) and isindependent of (x, yo, 20)-

B. Proof of Property 3:

Suppose in CCS, the plane has the norma vector
(n1,n2,n3) and onefamily of parallel lines has the same di-
rection vector (a, b, ¢). So we have (a, b, c)(n1,n2,n3) =0
The vanishing point of these linesisu = fa/c + ug,v =
fb/c+ vo Therefore, nyu + nav +ngf = ni(fa/c+ ug) +
na(fb/ctvo)+ns f = (ani+bna+cng) f /c+niug+navg =
niug + n2ve Thisline equation depends only on the normal
vector (n1, no, ng) of the plane.

C. Proof of Property 4:

by, — Uy, froz/rss — froi/ra
tanf = =
wy, —uwy,  friz/rss — frii/ra

(13)

From Equ.2 and 13, we have tan(#) = tan(y)
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