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ABSTRACT

One method for improving the vision system of a robot
is to allow the robot to automatically focus its cameras and
to use focus as a depth cue. In this paper, the problem of
automatic focusing is reduced, by a theoretical analysis of
defocus as a wave aberration which attenuates high spatial-
frequencies, to the problem of measuring the high spatial-
frequency content of an image. The problem of recovering
range from focus is treated using a focus criterion function
along with knowledge of the lens parameters to solve the
lens law for range. The accuracy of the range measurements
is approximately 10% of object distances between 1 and

2 m.

1. Introduction

The vision system of a robot is limited by the quality
of the images it obtains. Defocused images inherently have
less information in them than sharply focused images, so
most vertebrate animals having eyes with a refractive lens
use focus to improve the quality of their vision. The goal of
our research is to give a robot this ability. To this end, we
have designed and built an active camera system, a stereo
pair of moveable CCD cameras, whose focal lengths and

apertures are under computer control.

In addition to improving image quality, focus can be a
depth cue, providing information about the absolute dis-
tances of objects. Again, many animals use this cue. Using
focus to compute range is very attractive because there is no
need to solve the correspondence problem, which is gen-

erally a slow, error-prone process.
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This paper will first describe the problems in determin-
ing range from focus, then present practical methods for
automatically focusing and computing range, and finally

show some range computation results.

2. Problem statement and related research

This paper will discuss two specific problems. First, it
will address the problem of automatic focusing for a stan-
dard CCD camera with a servo-controlled focus ring: Given
the projection P’ = (u,v) onto the focal plane of an object
point P = (x,y,2) (z unknown), what focal length f produces
the sharpest definition of P/? This problem has received the
attention of numerous camera manufacturers [2], Horn [3],
Schlag et. al. [9], Jarvis [4], and Tenenbaum [10]. Several
workable methods have been reported, but there is no con-

sensus on them.

Given the focal length f bringing P’ into sharpest focus,
the second problem is to recover the z component of P,
which is its range or absolute distance from the center of the
lens. Some related work on focal gradients has been
reported by Pentland [8]. His approach requires measuring
This is

difficult because blur is a function both of the characteristics

the amount of blur at a particular image point.

of the scene and those of the lens.

(5]

A related approach is
mentioned by Jarvis although apparently never

developed.

3. Automatic focusing

To present the method in detail this section discusses

the theory of defocus, practical methods for computing the



quality of focus, and control strategies for automatic focus-

ing.

3.1. Theory of defocus

Simply put, defocusing an incoherent optical system
causes blurring of image points. However, this is too
simplistic, because blurring is also caused by geometric and
diffraction effects. To properly account for defocus the

theory of wavefront aberrations must be employed.

An aberration is a departure of the exit pupil wavefront
from its ideal spherical form (Figure 1). It is possible to
treat defocus as a wave aberration, and to show exactly how
defocusing  attenuates and distorts different spatial-
frequencies. The attenuation is described by the optical
transfer function (OTF). The OTF is a complex function
that describes how each spatial frequency component in an
object is attenuated by the lens as it forms an image, by
specifying the complex weighting factor applied by the sys-
tem to the frequency component (fy.fy) relative to the
weighting factor applied to the zero-frequency component.
The OTF can be written (apart from a constant factor) as the
auto-correlation function of the pupil function G:

oo oo

OTFEM) = [ [ GERE MG EmydEan’ (1)
Aberrations will in general lower the contrast of each
spatial-frequency component of image intensity; severe aber-
rations will significantly reduce the high-frequency portions
of the OTF. Let us call the aberration function @, and
assume that there are no aberrations of the lens. The effect
of the wave aberration @ (Figure 1b) on the light passing
through a lens (even a thin lens) is to change the path length
of each ray, changing the optical path length by
@ = PoP — PPy = PoQ—PoQ = 00 @
Referring to Figure lc, the displacement of the detector
plane by a small amount z in the positive z-direction is for-
mally equivalent [1, p. 489] to the introduction of a wave

aberration of amount

Figure 1. Wave aberration.

The effect of the wave aberration ® = Q0 is to change the
optical path length from object point Py to image point Pl*.
(a) The object plane, the image plane, and the pupil planes.
(b) The wave aberration ® = 0Q.

(c) A different choice of reference system for (b).
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PEM = S €07 [&2+n25az] 3)
This produces a phase shift A<®(&,n), which causes the pupil
function G, which is zero outside the pupil and unity inside
the pupil for an ideal lens, to become
GEm) = 0G0 @
If this pupil function is substituted into Equation (1) for the
OTF, the spatial-frequency response is given directly in
terms of the amount of defocus (phase shift intréduced).
The resulting function can be expressed as a power series in
Bessel and Struve functions and evaluated analytically, but it
is simpler to evaluate numerically, It can be observed that a
gradual attenuation of contrast and a number of contrast
reversals are obtained for increasing spatial-frequency, as

illustrated in Figure 2, which plots the frequency response of
a defocused optical system free of other aberrations as a

function of the defect z of focus. From the figure it is clear

2
that z > —2%[-‘&] causes a rapid deterioration of the
a

response of the system for higher frequencies.

Figure 2. Cross-section of the OTF
of a defocused incoherent system,

A one-dimensional cross-section of the OTF. The number

2
on each curve is the value of -%: %) z, where z is the dis-

tance between the detector plane and the Gaussian focal
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3.2, Computing Focus Quality

In the previous section we saw that defocus results in
attenuation of high spatial-frequencies. It follows that the
quality of focus (conversely, the degree of defocus) is pro-
portional to the amount of high-frequency energy present in
the spatial power spectrum., We have experimented with a
wide variety of focus criterion functions which either esti-

mate or measure directly this high spatial-frequency energy.

Let I represent the intensity function, I(x,y) represent a
grey-level, fy denote a spatial-frequency, F denote a Fourier
transform, and P(I(x,y)) represent the probability of the
occurrence of a grey-level. Some of the focus criterion
functions we have examined [7] include:

s the sum of first differences on each scan line

22U Cey)y—I(y-1)| &)
o the entropy E gf ythe grey-level histogram
E=- 3 PUGyNnPU(xy)) ()
" the sum of thel(g]c;gdient magnitudes above a threshold
23 VIx,y) for V5T @)
e the grey-lZvyel variance
TGy ®
xy
«the high-frequency energy in the power spectrum
F(fxfy) for  REHHST ©

sthe slope of a least-squares fit to a histogram of local /

H(Goy)-T0¢ YD) (10)
Some important criterion function implementation
details: each method is defined on a given search window
(usually 10x10); since changing the focal length also
changes the lens magnification and consequently the image
coordinates of a given feature, "window tracking” must be
employed to guarantee that the point to be focused upon
stays within the search window; finally, temporal averaging

is used to filter the noisy intensity signals.

To compare the methods, a sequence of images of a



static scene is taken with different focus parameters, varying
from too close to just right to too far, and the behavior of
the focus criterion functions recorded. From a number of
experiments with different window sizes and a wide variety
of scenes, the function which performs best empirically-- in
speed, robustness in the presence of temporal noise corrupt-
ing the intensity signals, repeatability, and accuracy-- is the
first (Equation 5), which in praétice is unimodal, varies
monotonically with focal length on either side of the mode,

and is speedily computed.

3.3. Search strategy

This section describes a control strategy for automati-
cally focusing on a point in a static scene. A hill-climbing

(gradient ascent) technique (described independently by

Sanderson [9] and Jarvis [4]) is to compute the criterion
function, move the lens, recompute the criterion function,
and look at the sign of the difference of the criterion. If the
sign is negative, the lens was moved in the wrong direction.
This technique is in principle adequate, but because each
evaluation of the criterion function requires taking a picture,
an expensive operation, it is important to minimize the
number of evaluations required.

Since the focus criterion function is unimodal, we may
employ a numerical method for finding the extrema in a
function of one variable (focal length). The Fibonacci
search technique is the most efficient of any restricted
search [6]. The search method (described formally in Figure
3) is to successively narrow the search interval until its size
is a given fraction of the initial search region. For each
interval, the criterion function is evaluated at two points
which are determined by the Fibonacci sequence. The next
interval is determined by which point has a higher criterion
value. Since the focal length is represented as 10 bits, the
number of different focal lengths is 21°, For an accuracy of
one unit in 219, 16 iterations of the algorithms are required
to select the extrema; this is considerably less than the

number of iterations required by gradient ascent.

FIGURE 3. Fibonacci search technique.
The Fibonacci sequence may be defined by the
boundary conditions

F0=F1=1

and the recurrence relation
Fy=Fyny+Fya

The size of the initial search interval Ly must be known
in advance; in our case Lg = 2!, The number of itera-
tions required to find the mode of the unimodal and
monotonic funtion (here called criterion) is the least
integer N such that Fy 2 Ly. In our case N =23. The
search algorithm is illustrated below:

bO-—aO:LO k=1
while (k £ N) do

N-(b-1)
Ly=Liy
Frn_e2)
Fn_,
L1 N—(+1)
Fy g1y
x1 = G + lk

¥1 = criterion(x,)

Xy =by—1I

Yo = criterion(x;)

if (y; > yo) then ap, = a;
else ag1 =x,
k=k+1

endwhile

b = X
by = by

4. Computing Range

This section describes how the distance to a visible
object point can be computed from the lens parameters and a

sequence of images of a static scene. It also presents some

obvious limitations of the method.

4.1. Method

For the single thin lens illustrated in Figure 4, the lens

law holds:

=g (11)



FIGURE 4. Thin lens geometry.
object thin tocal image
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The lens law also holds for thick lenses, provided that the
distances are measured not from the center of the lens but
from its principal points. When the lens is properly focused,
€ = 0, and the lens law may be solved as
_ %
dinf
giving a closed-form expression for d,,,, which depends only

Ao (12)
on f and d;,. To find the distance d,, to the object point
(x.y,2) projecting to image point (u,v):

1. maximize the sharpness of focus at (u,v) by chang-
ing f so that the detector plane coincides with the image
plane, i.e., d;, = dyq

2. read f

3. solve Equation (12)

4.2. Limitations

There are a number of limitations of this method.
Perhaps the most significant is that it applies to only one
point at a time. Thus with a single camera, range from
focus can not be computed in parallel. Other limitations
include the accuracy with which d;, and f can be physically

measured, the performance of the criterion function with
noisy signals, the validity of the thin lens model describing a
compound lens, and the nonlinearity of Equation (12).

Spatial quantization is another limitation, one which

can not be circumvented by more precise measurements or
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better equipment or algorithms. Because the photoreceptors
have finite area, an object point may lie at a number of
different distances and still be imaged sharply on the same
receptor. The distance in object space between the nearest
plane and the farthest plane at which satisfactory definition
is obtained (the depth of field) is given [7] by
2Dafe(D—f)

a2f2__c2.(D__f)2
where f is focal length, D is object distance, a is aperture

DOF = (13)
diameter, and ¢ is the smallest dimension of the photorecep-
tor. The fundamental impact of spatial quanitization, then, is

that the range d,,, computed is accurate to ZDOF mm.

S. Results

First the focus motors are calibrated with a point source
target so that the relationship between motor position and
focal length is known. Next an object point (on an opthal-
mologist eye chart) at a known distance is indicated, and
Fibonacci search for the optimal focal length is undertaken.
Then the optimal focal length is used to compufe range.

The results are presented in the Tables.

The results were gathered from only a few experiments
and should be interpreted as illustrative; their repeatability is
probably quite poor. Nevertheless, the results do suggest
that error does not vary significantly with object distance.
For the objects used the uncertainty caused by the depth of
field of the cameras is very small. The range computation
errors are primarily due to the performance of the focus cri-
terion function. The magnitude of the errors in range com-

puted from focus is on the order of 10% of the object dis-

tance for distances between 1 and 2 m.

6. Discussion

This paper has described a method for improving the
vision system of a robot, namely giving the robot the ability
to actively focus its cameras and to use focus as a depth cue.
The problem of automatically measuring the quality of focus

is reduced to the problem of measuring the high spatial-



frequency content of an image, by an analysis of defocus as
a wave aberration which attenuates high spatial-frequencies.
The problem of recovering range from focus is treated by
using a focus criterion function along with knowledge of the
lens parameters to solve the lens law for range. The results
are unexceptional, but clearly demonstrafe that computing
range from focus is possible and deserves more attention in

order to be done more accurately.

Research continues in calibrating the focus motors to
more precise focal lengths (using point source targets), and
making the focus criterion function more robust in the pres-
ence of noise on the intensity signals (by modeling the noise
and filtering it intelligently). In the future, the effects of
image magnification caused by changing the focal length and

zooming must be incorporated into the range computation.

Table 1. Focus data.

Point  fideal(mm) f computed(mm)
A 848 102.2

B 79.8 82.2

C 64.2 64.8

D 574 56.3

E 48.6 48.9

F 33.1 30.1

fideal is the calibrated focal length. fcomputed is the focal
length determined by the Fibonacci search technique.

Table 2. Range data.

Point  D(mm)  fideal(mm)  f computed(mm)
A 762 571 2.5

B 1066 1103 54

C 1371 1449 11.5

D 1676 1891 19.5

E 1981 2112 324

F 2286 2510 64.0

D is the measured distance in millimeters. D' is the comput-
ed distance. The depth of field DOF is computed using
Equation 13 with ¢ = 12 )L m and a = 58.33 num.
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Table 3. Range errors.
Point  ferror D error DOF error
A 20.5 25.1 0.33
B 3.0 -3.5 0.51
C 0.9 -5.6 0.84
D 1.9 -12.8 1.16
E 0.6 -11.7 1.64
F 9.1 -9.8 2.80

ferror is the quantity IOOﬁ deal—feomputed D error is the

T fideal
quantity 1ooD—DD—. DOF error is the quantity 1009—3—5.



