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Abstract This paper presents a technique for correspondence search between projector and camera images using SIFT

(Scale-Invariant Feature Transform) and POC (Phase-Only Correlation). The correspondence search is a key task for camera-

based geometric correction of projected imagery. In conventional methods, the correspondence is obtained by projecting

the structured light on a projector screen. This paper proposes a geometric correction technique where we use only one

snapshot of ordinary video sequences to find projector-camera correspondence. We adopt (i) SIFT-based feature matching to

estimate an approximate homography between projector and camera images with a limited number of corresponding points

and (ii) POC-based dense sub-pixel correspondence search to adjust precise position of corresponding points. Through a set

of experiments, we demonstrate that the proposed technique achieves high-accuracy geometric correction, even if significant

brightness change is observed between the original video content to be projected and the real projector image captured by a

camera.
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1. Introduction

Recently, large display systems using projectors and
cameras have been widely reported”. To achieve
seamless projected imagery, these systems correct each
projector’s image using information from the camera-
captured images. In general, a system consisting
of controllable projection units and cameras is called
projector-camera systems (PROCAMS), and is widely
studied to combine projection technology with com-
puter vision®. Camera-based image correction®® is one
of the applications of PROCAMS.

The conventional image correction methods use a set
of structured light patterns to detect deformation of
projected image due to the 3D structure of projector
screen?. This approach is not suitable for real-time ap-
plications, since precise image correction requires pro-
jection of 20-30 patterns in advance. Addressing this

problem, we propose an image-based technique of ge-

Received September 6, 2010; Revised March 8, 2011; Accepted April
5, 2011
t Graduate School of Information Sciences, Tohoku University
(6—6-05, Aramaki Aza Aoba, Aoba-ku, Sendai-shi, 980-8579
Japan)
11 Panasonic Corporation
(1006 Kadoma, Kadoma-shi, 571-8501 Japan)

MUKIEIR X 7 « 7# 55 Vol. 65, No. 6, pp. 841~845 (2011)

ometric deformation analysis without projecting struc-
tured light patterns, where we employ a snapshot of
ordinary video sequence and an advanced image corre-
spondence technique. The proposed technique enables
the system to estimate deformation parameters in a
The key to

success with this approach is the image correspondence

background process of video projection.

algorithm that is robust against image intensity vari-
ation. Our algorithm combines SIFT* and POC® to
achieve intensity-invariant dense correspondence search

between projector and camera images.

2. Geometric correction of projected im-
ages

2.1 Basic requirements

The purpose of geometric correction is to find a set
of parameters for image transformation between pro-
jector and camera images. If a projector screen is flat
and lens distortion can be ignored, we can represent
the transformation as one homography. In this case, we
can estimate the transformation parameters with small
number of corresponding points.

In practical situation, however, non-linear transfor-
mation model is required in many cases, and hence

dense image correspondence is essential. In this paper,
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we assume that a projector screen is planar with some
non-linear deformation. This model covers a wide vari-
ety of projector screen (e.g., curved walls and curtains)
as well as various image deformation. For nonlinear geo-
metric correction of projected images, B-spline approx-
imation® and piecewise linear approximation® can be
used. If the accurate and dense correspondence between
projector and camera images can be obtained, piecewise
linear approximation would be a reasonable approach
from the viewpoint of computational cost. In this pa-
per, we focus on a technique for correspondence search
between projector and camera images. Therefore, we
employ the piecewise linear approximation method to
correct projected image deformation. In order to avoid
misalignment in every image block, dense correspon-
dence search which is highly robust against image in-
tensity variation is indispensable.

2.2 Correspondence search with structured

light patterns

A conventional approach of dense correspondence
search is to use multiple structured light patterns, where
we employ 20-30 patterns to be projected sequentially.
As a typical approach, we adopt a hybrid method using
a set of gray-code patterns and an equally-spaced grid-
dot pattern in our experiments described in Section 4,
where we use the gray-code patterns to partition pro-
jected imagery into small sub-regions, and find pixel
correspondence between projector and camera images

by using the grid-dot pattern.

3. Proposed correspondence search tech-
nique

Our proposed technique uses SIFT and POC to find
corresponding points between projector and camera im-
ages with one snapshot of a video sequence. SIFT-based
feature matching is robust against global image trans-
formation, e.g., projective transformation, although the
sparse corresponding points cannot be used for non-
linear geometric correction. On the other hand, POC-
based correspondence search technique can obtain dense
corresponding points, although this technique cannot
work well for the images having global image trans-
formation. To achieve accurate nonlinear geometric
correction of projected images, we first adopt SIFT-
based feature matching to estimate an approximate ho-
mography between projector and camera images, and
then adopt POC-based dense sub-pixel correspondence
search to adjust local non-linear relationship (Fig. 1).

The proposed algorithm can be summarized as follows.
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Fig.1 Proposed correspondence search technique: (a)
homography estimation by SIFT, (b) dense cor-
respondence search by POC, and (¢) mesh-based

nonlinear geometric correction.

3.1 Homography estimation using SIFT

We first use SIFT? to estimate a homography H sjpr
between camera and projector image coordinates. The
estimated homography H s;pr gives a first-order ap-
proximation for non-linear geometric transformation
between camera and projector image planes. A major
advantage of using SIFT for the first step of correspon-
dence search is that its feature points are robust against
global image transformation as well as illumination vari-
ation.

3.2 Dense correspondence search using POC

for precise geometric correction

When the projector screen has a complex curvature
and the projected imagery involves non-linear deforma-
tion, more precise geometric correction will be essential.
SIFT-based approach produces only a limited number
of corresponding points, and is not suitable for finding
dense correspondence for non-linear geometric correc-
tion. This is the major motivation of introducing ad-
vanced area-based image correspondence technique.

We first warp the camera image by the projective
transformation defined by H g;pp. Through this nor-
malization, the appearance of camera image becomes
close to that of the original image (i.e., projector im-
age).
ric deformation that cannot be compensated by a sim-

Next step is to correct the nonlinear geomet-

ple homography. To do this, we employ a mesh-based

piecewise-linear image transformation (as illustrated in
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Fig. 1 (¢)).

is an accurate area-based dense correspondence algo-

The key to success with this approach

rithm that is robust against photometric distortion due
to projector-camera transfer function. The hierarchical
correspondence search algorithm based on Phase-Only
Correlation (POC)* seems to be one of the best ap-
proaches for this purpose, since the algorithm produces
stable corresponding points even when significant inten-
sity variation is included in the images.

The overall procedure of projector-camera correspon-
dence can be summarized as follows (Fig. 1):

Step 1: Reduce the size of projector image (i.e., orig-
inal image) and that of camera image by 1/S, and
1/S., respectively, in order to reduce computation time.
(Sp =2 and S, =4 in our experiments.)

Step 2: Estimate the homography H g;pr from the
reduced camera image to the reduced projector image
using SIFT feature points (Fig. 1 (a)).

Step 3: Warp the camera image by the homography
H srpr (ie., projective transformation).

Step 4: For a set of equally spaced reference points
in the original projector image, find the corresponding
points in the warped camera image using POC-based
hierarchical block matching® (Fig. 1 (b)). In our ex-
periments, the number of layers for coarse-to-fine search
is three and the block size is 64 x 64.

Step 5: Transform the coordinates of the obtained cor-
responding points by HEIIFT, which defines the coordi-
nate transformation from the warped camera image to
the original camera image.

Our experimental observation clearly shows that the
proposed approach is highly robust against geometric
and photometric distortion frequently appeared in prac-
tical projector-camera applications. The obtained cor-
respondence can be used for precise mesh-based geo-

metric correction (Fig. 1 (c)).
4. Experiments

In our experiments, we evaluate the performance of
our proposed technique in terms of error in correspon-
dence, which is defined as an average distance (in pixel)
between the corresponding points obtained by the pro-
posed algorithm and the accurate corresponding points
obtained by the active method using structured-light
projection.

We carefully compare the three different approaches
of projector-camera correspondence: (i) a method us-
ing only SIFT, (ii) a method combining SIFT and the
area-based block matching using SSD (Sum of Squared
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Fig. 2 Experimental setup: (a) projector-camera system

for our experiments, and (b) image deformation
on the projector screen.

Differences) with a sub-pixel estimation technique using
parabola fitting, and (iii) the proposed method.

We use “Canon X700” projector (1,024 x 768 pixels)
and “Nikon D3” camera (4,256 x 2,832 pixels) with its
lens “Ai AF Nikkor 50mm F1.4D” to build a projector-
camera system shown in Fig. 2 (a). The range of coor-
dinates for correspondence search in the projector image
is 24 < < 1,000 in horizontal and 24 < y < 744 in
vertical direction with reference points aligned at 16-
pixel interval on the projector image. The projector
screen used in our experiments are a white flat plate
made of wood and a white curtain with a free-form
surface as shown in Fig. 2 (b). The images used for
correspondence search are from three video sequences:
Buildings along the canal, Church, and Character pat-
tern. From every sequence, we extract with a spacing
of 30 frames. In the each frame, we set the reference
points (62 x 46 = 2,853 points) and search correspond-
ing points on the camera images using above three dif-
ferent approaches.

Figure 3 (a) plots the distribution of corresponding
points with respect to the error in pixel coordinates,
where the points whose error is larger than 5 pixels are
Note that the method (i) uses
only the homography H g;pr to evaluate the accuracy

regarded as outliers.

of the correspondence, that is, we calculate correspond-
ing points coordinates for all the reference points us-
ing the homography H E}FT. The SIFT-only method
(i) can produce only a limited number of correspond-
ing points and is not suitable for non-linear deforma-
tion correction. The proposed approach (SIFT+POC
method (iii)) shows significantly higher performance
compared with the STFT+SSD method (ii). For all the
video sequences, average error is about 1-2 pixels.

The pictures in Fig. 3 (b) show the original projector
images, (c¢) show camera images without deformation
correction, (d) show camera images warped by H grpr

and (e) show camera images after geometric correction
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Fig.3 Experimental results: (a) distribution of corresponding points with respect to the correspondence
error in pixel, (b) original projector images, (c¢) camera images, (d) camera images warped with
Hspr, and (e) camera images after geometric correction by the proposed technique.
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by the proposed method. As is observed in these re-
sults, if the projected imagery has enough texture, the
proposed method achieves highly accurate projector-
camera correspondence, whose accuracy is comparable
to the active method using structured light illumination.
In the experiment, we implement the proposed method
with MATLAB and C. It takes about 12 seconds on a
computer with Intel(R) Core(TM)2 Extreme X9650 (3.0
GHz) processor to obtain the correspondence. The pro-
cessing time would be reduced by using GPU (Graphics
Processing Unit) implementation of SIFT™ and POC.

5. Conclusion

This paper presents a technique for correspondence
search between projector and camera images using SIFT
and POC. We adopt SIFT feature matching to esti-
mate an approximate homography between projector
and camera images and adopt POC to find dense lo-
cal relationship. Our experimental observation clearly
shows that the proposed combination (SIFT+POC) can
achieve highly robust, accurate and dense matching of
images even if significant geometric and photometric
distortion is included. This property seems to be use-
ful in many computer vision applications not limited to

projector-camera systems.
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