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Abstract

A new shape-from-focus method is described which is based on a new concept named
Focused Image Surface (FIS). FIS of an object is defined as the surface formed by
the set of points at which the object points are focused by a camera lens. According
to parazial-geometric optics, there is a one-to-one correspondence between the shape
of an object and the shape of its FIS. Therefore, the problem of shape recovery can be
posed as the problem of determining the shape of the FIS. From the shape of FIS the
shape of the object is easily obtained. In this paper the shape of the FIS is determined
by searching for a shape which mazimizes a focus measure. In contrast with previous
literature where the focus measure is computed over the planar image detector of the
camera, here the focus measure is computed over the FIS. This results in more accurate
shape recovery than the traditional methods. Also, using FIS, a more accurate focused
image can be reconstructed from a sequence of images than is possible with traditional
methods. The new method has been implemented on an actual camera system, and
the results of shape recovery and focused image reconstruction are presented.

1 Introduction

The image of a scene formed by an optical system such as a lens contains both
photometric and geometric information about the scene. Brightness or radiance and
color of objects in the scene are part of photometric information whereas distance
and shape of objects are part of geometric information. Recovering this information
from a set of images sensed by a camera is an important problem in computer vision.
Shape-From-Focus (SFF) methods provide one solution to the problem.

For an aberration-free convex lens, (i) the radiance at a point in the scene is
proportional to the irradiance at its focused image [6], and (ii) the position of the
point in the scene and the position of its focused image are related by the lens formula
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Figure 1: Image formed by a convex lens.

where f is the focal length, u is the distance of the object from the lens plane, and
v is the distance of the focused image from the lens plane (see Figure 1). Given the
irradiance and the position of the focused image of a point, its radiance and position
in the scene are uniquely determined. In fact the positions of a point-object and its
image are interchangeable, i.e. the image of the image is the object itself. Now, if
we think of an object surface in front of the lens to be comprised of a set of points,
then the focused images of these points define another surface behind the lens (see
Figure 1). We define this surface to be the Focused Image Surface (FIS) and the
the image irradiance on this surface to be the focused image. There is a one to one
correspondence between FIS and the object surface. The geometry (i.e. the shape)
and the radiance distribution of the object surface is uniquely determined by the FIS
and the focused image.

In this paper we are concerned with the principles and computational methods for
recovering the geometry and the radiance of an object from its sensed image. Note
that a sensed image is in general quite different from the focused image of an object.
In computer vision, the sensors are usually planar image detectors such as CCD
arrays. Therefore, for curved objects, only some parts of the image will be focused
whereas other parts will be blurred. A sensed image will be the focused image only
when the shape of the sensor and the shape of FIS match.

In traditional SFF methods (e.g. [5, 7, 7, 7, 10, 18, ?]) a sequence of images are
obtained by continuously varying one or both of the following camera parameters:
(i) distance between the lens and image detector, and (ii) the focal length. For each
image in the sequence, a sharpness measure or focus measure is computed at each
pixel using a small (about 20 x 20) image neighborhood around the pixel. At each
pixel, that image frame among the image sequence which gives a maximum sharpness
measure is determined. The grey level (which is proportional to image irradiance)
of the pixel in the image frame thus determined is taken to be the grey level of the
focused image for that pixel. The camera parameter values for this image frame are
used to compute the distance of the object point corresponding to the pixel. A simple
measure of sharpness of an image g(z,y) is its grey level variance. Measures based
on the energy of derivatives of images are however better suited ([18]).
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The traditional SFF methods do not yield accurate shape or depth-map of objects.
The main reason for this is that a focus measure is defined and computed over image
frames sensed by planar image detectors. The focus measure at each pixel in an
image frame is computed using a small window around the pixel. This corresponds
to a piecewise constant approximation of the object shape in the window. Because
of this approximation, the focused image reconstructed from the image sequence will
be an approximation to the actual focused image.

The fundamental contribution of this paper is the idea that focus measures should
be computed over the FIS using pixels lying on the FIS in the image sequence rather
than over image frames where the pixels lie on a plane. Maximization of focus mea-
sures computed over FIS avoids the piecewise constant approximation of object shape
found in the traditional SFF methods. The computational implementation of this idea
involves two steps. The first step is essentially to estimate an approximate FIS using
one of the traditional SFF methods. The second step is to refine this approximate es-
timate by searching for an FIS shape which maximizes a focus measure computed over
pixels lying on the FIS. The search is local and therefore computationally efficient.
At present, our implementation corresponds to a piecewise planar (or linear) approx-
imation of object shape as opposed to piecewise constant approximation. However,
our implementation algorithm can be easily extended to higher order approximation
at the cost of additional computation.

Our SFF algorithm has been implemented on a prototype camera system named
Stonybrook Passive Autofocusing and Ranging Camera System (SPARCS). A brief
description of SPARCS architecture is included. A number of experiments were car-
ried out using SPARCS to evaluate our SFF algorithm. The experiments and their
results are described. The experimental results show that our algorithm performs
well.

In this paper we are mainly concerned with SFF methods which give dense and
accurate depth-maps, and which do not require a a detailed knowledge of the camera
characteristics. These methods require a sequence of image frames (about 10 to
30) recorded with different camera parameter settings. However, there are methods
[11, 19, 20, 2] which do not require a sequence of images, but only a few (about
2 or 3) acquired with different camera parameter values. These methods are very
fast (about 10 times), but less accurate (their best performance gives an RMS error
which is twice that of the SFF methods). These fast methods are known as Depth-
from-Defocus (DFD) methods whereas the SFF methods considered here are known
as Depth-from-Focus (DFF) methods. Clearly, DFD methods can be used first to
obtain a rough estimate of shape and then DFF or SFF methods can be used to
refine the rough estimate to obtain a more accurate estimate of shape.

We first consider the case of recording the image sequence by moving the image
detector (or lens) along the optical axis of the lens. The results of this case can be
easily extended to that of obtaining the image sequence by adjusting the focal length
of the lens. When the image detector of a camera is moved from one end to the
other, typically the focus measure in an image window gradually increases, reaches a
maximum at the FIS, and then decreases gradually thereafter. The problem then is
to find the image detector position at which the focus measure is a maximum. This
is essentially a search of the image detector position space.



2 Relation between object surface and FIS
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