


This will prevent deformation of the image during the calibration
process. So we use a 3M MPro 150 VGA [9] (640 � 480) pocket
projector (Fig. 2) in the experiment. The camera we are using is a
Logitech C920S Webcam [10] (Fig. 3). This camera has different
aspect ratio options. In the experiment, we are using 960 � 720,
which is a 4 : 3 aspect ratio. This is the same as the projector’s
aspect ratio.

The engineering drawing for the system setup is given in Fig.
4. The picture for the actual mechanical setup can be found in Fig.
5. From now on, all the experiments and the results in this paper
will be based on this experimental setup.
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(a) Engineering drawing for the projector part

(b) Engineering drawing for the camera part
Figure 4: Engineering drawing for the system.

3. Camera and Projector Calibration
3.1 Camera Calibration and Verification

The camera can be viewed as a device that maps a 3D world
point onto the 2D camera image plane. The basic camera model
is the pinhole model. The goal of the camera calibration is to es-
timate the intrinsic parameters and the extrinsic parameters based
on a pinhole camera model, but take the lens distortions into con-
sideration, as well. The intrinsic parameters are: focal length
( f c

x ; f c
y ), principal point (uc

o;vc
o), and skew coefficient f c

sq . The
extrinsic parameters are the 3�3 rotation matrix Rc and the 3�1
translation vector Tc. The function of the extrinsic parameters is
to map a point in the 3D world coordinate system to the 2D image
plane. The intrinsic parameters are used to describe the camera’s

(a) Front view

(b) Top view
Figure 5: System Layout.

physical properties [4].
The camera model can be understood as follows: Denote the

point in the world coordinates as Pw =

24Xw
Yw
Zw

35. Given such a point,

we first convert it to the camera coordinates, Pc =

24Xc
Yc
Zc

35 by using

the extrinsic parameters:

Pc = RcPw +Tc (1)

As we stated before, the matrix Rc is a 3 � 3 matrix that de-
scribes the rotation property; and Tc is a 3�1 matrix that denotes
the point’s translation. Note that Pc here is a 3D coordinates point
that represents the point in the camera coordinate system, and that
the origin is the camera focal point. Then, we can use the property
of the pinhole camera to convert the 3D point in the camera coor-
dinate system to the normalized camera image plane, which is 2D
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