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Abstract 
This article addresses the problem of measuring reliabily the absolute threedimensional position of objects in 
an unknawn and cluttered scene. It circumvents the limitations of a single sensor or single algorithm by using 
several range recovery techniques together, so that they cooperate in visual behaviors similar to those exhibited 
by the human visual system. Implemented visual behaviors include (i) aperture adjustment to vary depth of field 
and contrast, (ii) focus ranging followed by hation, (iii) stereo ranging followed by focus ranging, and (iv) focus 
ranging followed by disparity prediction followed by focus ranging. The main contribution is a demonstration that 
two particular visual ranging processes--focusing and ster- cooperate to improve measurement reliability. 
The results of 75 experiments processing close to 3000 different object points lying at distances between 1 and 
3 meters demonstrate that the computed range values are highly reliable. 

1 Introduction 

This article addresses the problem of measuring 
reliably the three-dimensional position of objects is an 
unknown and cluttered scene. Although relative dis- 
tances suffice for many tasks, we seek to estimate 
absolute position, say, for motion planning or map 
making. 

Computer vision research has established various 
thre!edimensional recovery techniques, but the fund- 
amental problem remains open. One reason is that any 
single sensor or single algorithm is aecessarily limited. 
We propose to circumvent these limitations by using 
several range recovery techniques in conjunction, so 
that they cooperate in visual behaviors (actions and 
reactions in specific circumstances) similar to those ex- 
hibited by the human visual system. The approach fits 
within the framework of sensor fusion, but differs from 
traditional methods by addressing directly the data- 
acquisition process. 

' Ihis h c l e  presents and analyzes four implemented 
visual behaviors: 

1. Aperture adjustment to vary depth of field and 

2. Focus ranging followed by fixation (section 4.2). 
3. Stereo ranging followed by focus ranging (section 

4.3). 
4. Focus ranging of one camera followed by predic- 

tion of binocular disparity followed by focus rang- 
h g  of the other cameras (sectioq4.4). 

The main contribution of this w r k  is that it demon- 
stxates that two particular visual ranging pmesses- 
fixusing and stereo-can cooperate to improve mea- 
surement reliability. The advance is not in developing 
the individual ranging processes, but in enabling their 
behavioral cooperation. Benefits of cooperation include 
(i) providing statistically more effective data sets, 
(ii) enforcing data consistency via mutual constraint, 
and (iii) reducing mistakes generated by improper 

improve contrast (section 4.1, 4.3). 
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The human visual system couples accommodation 
and convergence. One aspect of this coupling is con- 
vergence accommodation: as the eyes  converge, they 
accommodate as if to focus objects nearer and nearer. 
Studies of this phenomenon show that convergence 
alone, in the absence of blur, can drive accommoda- 
tion (Fincham & Walton 1957; Kersten & Stark 1977). 
The converse aspect of this coupling is uccommodarive 
convergence: when one eye accommodates to a target, 
the visual axes converge to fixate that target. Studies 
of this phenomenon reveal that a subject, when accom- 
modating to a monocularly presented near target, will 
exhibit convergence (as well as accommodation in the 
other eye) even though the monocular presentation 
eliminates the need for convergence (Westheimer 
1976). In short, convergence in the absence of disparity 
can drive accommodation, and accommodation in the 
absence of disparity can drive convergence and also 
accommodation of the other eye. 

Athirdaspectofthiscouplingisvariability:thecon- 
trol parameters vary with the optical stimulus. Miles 
et al. (1987) studied human subjects before and after 
wearing various optical devices (periscopes and 
prisms), and confirmed the existence of adaptive ele- 
ments that regulate the bias in the vergence and/or 
accommodation systems. 

The general form of cooperation exhibited by the 
human visual system-one cue triggering the other- 
inspires our approach. The four implemented visual 
behaviors have biological analogues: 

1. 

2. 

3. 

4. 

The aperture adjustment behavior is analogous to 
pupil constriction. 
The focus-fixate behavior is analogous to accom- 
modative convergence. 
The stereo-focus behavior is analogous to con- 
vergence accommodation, where disparity estima- 
tion serves as virtual convergence. 
The focus-predict-focus behavior is analogous to 
accommodative convergence, where disparity pre- . . -  

diction acts as virtual convergence. 

We take the biological examples of cooperation 
as inspiration, but not more; we do not attempt to 
implement proposed models-cg., (Krishnan & Stark 
1977; Schor 1979; Sperling 1970-f the human visual 
system, nor do we seek to synthesize its mechanisms. 
We note that our approach exhibits a looser and more 
sequential coupling between convergence and accom- 
modation than the approach taken by nature for the 
human visual system. 

2.2 Machine Accommodation and Convergence 

Computer vision researchers have devoted significant 
effort to understanding the individual depth cues. For 
accommodation, pioneering efforts include papers by 
Horn (1%8), Tenenbaum (1970), and Jarvis (1976). 
Ftntland (1987) initiated an effort to m e r  range from 
blur that precedes contributions from Grossman (1987). 
Subbarao (1988), and Ens (1990). Other contributions 
to the literature come from Krotkov (1987). Nayar and 
Nakagawa (1990), and Cardill0 and Sid-Ahmed (1991). 
None of these efforts seriously addresses the role of 
convergence. 

For convergence, Grimson (1981) investigated 
vergence movements as an adjunct stereo process 
responsible for aligning the images on the retina so as 
to facilitate coarse-to-fine solutions to the cor- 
respondence problem. Geiger and Yuille (1987) 
employed small vergence changes to disambiguate 
stereo correspondences. Coombs and Brown (1990) 
explored roles that vergence and binocular cues play 
in pre-attentive gaze-stabilization systems. Olson and 
Coombs (1991) developed a cepshal disparity filter that 
estimates vergence mor, and use it to demonstrate real- 
time vergence control on the Rochester Robot. None 
of these efforts comprehensively addresses the role of 
accommodation. 

Computer vision researchers have devoted relatively 
little effort to understanding cooperation of cues. h 
voices in the wilderness belong to Abbott and Ahuja 
(1988), who described an approach to active surface 
reconstruction that integrates the use of stereo with the 
control of camera focusing and vergence, thus coup- 
ling image data acquisition with d c e  estimation. In- 
spired by Sperling’s energy-based model (1970), they 
take an optimization approach to integrating the sens- 
ing operations. They seek to minimize an objective 
function that sums individual criteria to normalize 
huge  contrast, minimize image blur, minimize dispar- 
ity at image centers, maximize surface smoothness, and 
minimize differences in depth estimates among indi- 
vidual depth cues. They demonstrate the approach by 
using 36 fixations to build a 3-D model of part of a 
chair. One limitation of the approach is the assump- 
tion that the Scene contains a single continuous surface 
with no depth discontinuities. Das and Ahuja (1990) 
addressed this limitation by developing an algorithm 
for selecting new fixation points during surface 
reconstruction. Another limitation is the requirement 
to choose weights for each of the individual criteria. 
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Toble 2. Uncertainty of focus wing verified by stem 10 trials. 
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maximum-likelihood estimator. The results of the 
experiments show that (i) the Cooperative ranging pro- 
cedure is robust, and (ii) that the computed range values 
are highly reliable, since mistaken combined range 
measurements are extremely rare, and (iii) they are 
more accuxate than either of the computed ranges alone, 
as shown by the smaller rms percent error of the 
maximum-likelihood estimates. These three points 
deserve further discussion. 

The p d u r e  is not just an idea on paper or a pro- 
gram that ran successfully once, but a process that has 
been extensively tested in a complex environment and 
on a wide variety of scenes including curved surfaces, 
occluded objects, and specular reflectors. The imple- 
mentation autonomously performs a sequence of 
dynamic, adaptive sensing operations, and exhibits 
robust behavior in the presence of signal noise and 

interference, measurement errors, measurement mis- 
rakes, and m n  moderate hardware failures. 

While the sturdiness of the implementation is note- 
worthy, the reliability of the combined range measure- 
men& is especially significant. In 75 experiments con- 
sidering 3OOO object points, not one of the approxi- 
mately 100 mistaken range measurements survived 
crosschecking and statistical consistency testing. Al- 
though this does not imply that mistakes cannot occur, 
it is convincing evidence that they are highly unlikely, 
and that cooperative range measurements can be used 
with a high degree of confidence. 

the relative error in the combined measurements is not 
significantly laver than one of the measurements (from 
focusing) alone. This is not surprising given that the 
h i n g  measurements arc weighted more heavily than 
the stem measurements, and leads to the general con- 
clusion that as the diffemces in sensor accuracy grow, 
the benefits (from the point of view of accuracy alone) 
of combining their measurements diminishes. 

Although the implementation adequately demon- 
strates the principle of cooperative ranging and prac- 
tically illustrates the benefit of increased reliability, it 
is by no means a finished product. The remainder of 
this section discusses some improvements and exten- 
sions that might make it a more powerful system for 
applications. 

The output range maps are sparse. In a number of 
applications, having a fcw range points with high con- 
fidence is of great help. For other applications, it is 
possible to increase both the quantity and the density 
of the range points, in at least three ways. 

First, focusing and stereo currently operate under 
different image magnifications (six and one, respec- 
tively). In one sense, this is a strength of the implemen- 
tation, because it sbm that setlsors yith very different 
operating requirements and characterstics can indeed 
cooperate. In another sense, this is a weakness of 
the implementation, because it significantly decreases 
the common field of view, and consequently limits the 
possible quantity of computed range points. Using the 
same magnification ulwld simplify the implementation, 
and could increase the size of the range maps by a 
factor of as much as 36 (the maximum increase in the 
area of the field of view). Alternatively, the cameras 
could be reoriented and/or repositioned several times 
for focus ranging and cross-checking. 

Second, for Simplicity, the focusing and stereo proc- 
esses currently consider only the midpoints of the 

The accuracy results an less than satisfying, because 
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by the absolute error I T - Z I nor by the relative error 
( T  - Z ) / T  However, the distance-dependenr relative 
error A = (T - Z) /T2  does capture this dependency. 
For a number of measurements of different quantities 
(i.e., the distances to different object points), we define 
the uncertainty U as the root-mean-square percent error 
over N measurements: 

U = 100 dx 1 Af 

This figure of merit, whose units are percent per meter, 
reflects the distancedependent uncertainty for the set 
of measurements, and can be used to describe the range 
uncertainty of the measurement process as a whole. 
One interprets an uncertainty of 1 percentlm as follows: 
for an object point 1 m away the uncertainty on its range 
is 1 percent, or lm x 0.01 = 1 cm; for an object at 
2 m distance the relative error is 2 percent, resulting 
in 2m x 0.02 = 4 cm uncertainty; and so forth. 

3.1 Focus Ranging 

The focus-ranging procedure described in (Krotkov 
1987) involves four steps: 

1. 

2. 

3. 

4. 

Set the focal length to its maximum value (105 mm, 
or a magnification of 6 x), to decrease the depth of 
field of the lens. 
Select a small image path (typically 20 x 20 pixels) 
to serve as an evaluation window W. 
Automatically focus the lens on Fc! A criterion func- 
tion approximately measures the “sharpness” of 
focus by the magnitude of the gradient of the inten- 
sity function in U! A search procedure locates the 
focus motor position M of the lens eliciting the max- 
imal response from the criterion function. 
Solve an adapted version of the Gaussian lens law 
for the distance along the z-axis from the lens center 
to the point(s) projecting to W using 

where y and b are calibrated constants, M is the 
focus motor position determined in step 3, andfis 
the focal length of the lens. 

Experimentally, under typical operating conditions and 
object distances between 1 and 3 m, the uncertainty of 
the range computation is approximately a/ = 1 percent/ 
m, commensurate with the depth of field of the lens. 

Focus ranging encounters problems when W con- 
tains projections of objects lying at different distances. 
Figure 2 illustrates three images, digitized at different 
focus Settings, of a scene containing three objects ly- 
ing at different distances. It also plots the criterion hnc- 
tion computed over all focus settings while treating the 
entire field of view as Fc! The criterion function has 
three local maxima, one for each object. Using the 
focus setting corresponding to the mode of the criterion 
function to compute a range produces a meaningless, 
mistaken result. That the criterion function is not 
unimodal is considered a mistake, as distinct from an 
error or an inaccurate measurement, because it violates 
the assumptions that Wcontains projections of objects 
lying at roughly the Same distance. 

3.2 Stereo Ranging 

The stereo-ranging procedure O(r0tkov et al. 1990) per- 
forms five steps: 

1. 

2. 
3. 
4. 

5.  

5 

Set the lens focal lengths to their minimum values 
(17.5 mm, or a magnification of J x )  to maximize 
the field of view. 
Acquire a stereo pair of images. 
Extract line segments from each image. 
Identify corresponding line segments using a recur- 
sive hypothesize-and-verify algorithm. Compute a 
disparity vector a = (dx, dJ as the distance (mm) 
between the midpoints of corresponding line 
segments. 
For each correspondence, triangulate approximately 
on the object, taking the vergence angle into account: 

4 (3) 

where XL - XR = d,, b is the stereo baseline, f i s  
the focal length of the lens, the right camera rotates 
about the right lens center by 8, the left camera 
rotates about the left lens center by -8, and Z, is 
an offset from the baseline to a plane, defined for 
measurement convenience, to be attached to the 
camera platform. 

For correct solutions to the correspondence prob- 
lem, the uncertainty of (3) has boen experimentally 
determined to be approximately 2.5 percent/m, for 
object distances between 1 and 3 m. However, one 
problem with stereo (not unique to this matching 
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We conducted 75 experiments, processing close to 
3000 different object points. As a result of the limited 
field of view of the lens at the maximum magnifica- 
tion, only a small number of line-segment features are 
extracted (several tens), and as a result of the conser- 
vative matching policy, there are even fewer cor- 
respondences computed (tens). In general, the range 
map computed in each experiment is fairly sparse, 
typically consisting of ten to fifteen points. This spars- 
ity is not necessary, and section 7 discusses strategies 
for increasing the size and density of the range maps. 

61 Reliability 

During the experiments, many measurements were not 
verified by the cooperative ranging process: some 
because they were mistaken; others because they were 
not in the common field of view, occluded, or too close 
to other points; and still others because of hardware 
failures. The stereo-ranging procedure computed 
mistaken ranges for at least 67 points, while the focus- 
ranging procedure identified mistaken ranges brat least 
26 points. 

In none of the experiments was a mistaken match 
ever verified by focusing, nor was a mistaken focusing 
range ever confirmed by stereo. Indeed, crosschecking 
was so effective that no more than four points survived 

to fail the statistical consistency test. We conclude that 
the range measurements are highly reliable; if a range 
measufement is confirmed by both stereo and focus- 
ing, the bypothais that it is mistaken can be prima facie 
rejected. 

62 Accumcy 

The distancedependent quantity U in (1) defines the 
uncertainty of the cooperative range measurements. In 
this case, 2 represents the MLE range computed by 
(lo), Trcpresents the manually measured range, and 
the units of U are percent per meter, as in section 3. 

We tabulate accuracy results for a subset of the 
experimental data in which, to facilitate the manual 
distance measurements, the studied objects are planar 
and lie reasonably close to perpendicular to the optic 
a s  of the unconverged lenses. Results for all the data 
are not available, since careful manual measurement 
of the object distances is quite time-consuming. 

The summary of the data at the bottom of table 1 
reveals that, considering an average over 100 points, 
focus ranging is somewhat more accurate than stereo 
ranging, consistent with the previous studies of their 
dat ive accuracies, and that the MLE is marginally 
superior to focus ranging alone. The summary of table 
2 shows that, considering an average over 144 points, 
the MLE is slightly more accurate than either of the 
focus-range measurements alone. Examination of both 
tables reveals that in a number of experiments, the MLE 
is actually less accurate than one of the measurements 
alone. This could be accounted for by the fact that the 
focus and stereo measurements do not have exactly the 
same mean values, because they are not perfectly 
calibrated. Even if they were perfectly calibrated, occa- 
sional departures from the expected values would not 
be surprisimg, since the predicted Mfiance of the MLE 
is an Upected quantity bounded in the long run, but 
not guaranteed to fall inside the expected bounds for 
each data set. 

7 Discussion 

Here, we have presented a pmcedure for autonomous 
cooperative ranging, using focusing and stereo 
behaviors, which consists of ensuring measurement 
consistency-by cross-checking and by statistical 
testing-and combining Consistent measurements by a 

i 
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performed on-line, since everchanging images have to 
be processed; stereo can be performed off-line, since 
only one pair of images is required. Focusing works 
best with a small depth of field to increase the resolu- 
tion of the range computation; stereo profits from a 
large depth of field to keep as much as possible of the 
scene in sharp focus, thus decreasing feature- 
localization errors. Focusing requires a longer focal 
length, so that the criterion-function mode has a sharp 
pcak; stem can be performed at any focal length, but 
it covers a larger field of view with a smaller focal 
length. Focusing produces range information to 
patches; stereo produces range information to points 
and lines. Focusing is prone to making mistakes when 
not operating on meaningful, structured image areas; 
stereo is prone to mistakes in solving the cor- 
respondence problem. 

Although both make visual-range measurements, 
focusing and stereo are based on different principles, 
exhibit different accuracies, and involye very different 
processing steps. The challenge hced now is for them 
to cooperate. 

4 Cooperative Ranging 

This section describes several cooperative behaviors, 
whose final outcome is tw sets of three-dimensional 
points (figure 4). The sequence of operations at the top 
of the figure (boxes 1-3) autonomously position and 
orient the cameras so that they can capture a stereo pair 
of images and extmct line segments from them. The 
point of the operations in the two branches is for focus 
and stereo ranging to verify the results of each other 
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causing minor image instability. The adaptive window 
refinement compensates for the instability fairly &ec- 
tively by adjusting the windaw location. But if this fails 
and a mistaken range is computed, the failure is likely 
to cause crosschecking to fail or to be incomplete. The 
overall performance is poorer since it pmvides one less 
data point, but this does not halt the processing of 
others. 

Second, significant changes in Scene illumination 
occur during the course of a trial, due for instance to 
shadows cast by passing people, and mom lights being 
turned on or off. Frequently, such distmbrances are 
accommodated by the adaptive aperture control. If not, 
a ranging or verification procedure will probably fail, 
but the system does not grind to a halt. Instead, its per- 
formance degrades gracefully. 

5 Combination Policy 

The outcome of the cooperative ranging process so fir 
(through boxes 10 and 17) is two sets of pairs of range 
measurements (Zs, &) and (&, G), whose union 
can be viewed as one set of pairs of measurements (Zl , 
22). It is natural to seek now a single, better estimate 
that is more accurate than Z1 or Z,. For the purposes 
of th is  article, better means most likely, and more ac- 

other interpretations of these terms can be found in the 
substantial literature on statistical filtering and estima- 
tion techniques. This section describes a poky for com- 
bining each pair of measurements into a single one, 
yielding a set of most likely range values Z, as well 
as an upper bound on their uncertainty. 

curate means lower expected variance. ofcourse, marly 

5.1 Measurement Conristency and combinurion 

Let Z1 and Z, represent independent measurements of 
the range Tof an object point. Here they represent the 
ranges computed independently by focusing and stereo, 
but the following analysis can be extended to apply to 
any number of measurements from any kind of measur- 
ing device or procedure. For simplicity, the 
measurements are treated as scalars, although they 
could equally well be treated as vectors representing, 
for example, computed three-dimensional positions. 

Suppose that the measurements Zi are normally 
distributed Nb,, $), ui # 0. Further suppose that the 
sensors are not biased, so that the p, are identical, and 

in particular, that p1 = p2. This amounts to the 
hypothesis that the measurements are of the same phys- 
ical quantity, which is justified by the fact that the 
measurements have so far survived crosschecking. To 
futher ensure (with a given probability) that the mea- 
surements are consistent, a statistical test attempts to 
reject this hypothesis. 

Since Z1 and Z, are independent, a zero-mean, 
unit-variance random variable x can be defined by 

ZI - z, x=m (7) 

The absolute value of x gmws with the difference 
between the Zi, and so can be used as a measure of 
their consistency, testing the hypothesis that the Z, 
represent the same value. Define a threshold function by 

(8) consistent (Z1, 9 = 

If 1x1 exceeds the threshold value xo then we reject the 
hypothesis that the given measurements are consistent, 
that is, represent the same physical quantity. An appro- 
priate xa can be chosen basad on an acceptable (see 
Section 5.2) error probability a considering that x obeys 
a standard normal distribution. 

Let Z1 and Z, be two independent normally 
distributed measurements, as above, and in addition 
require that they be consistent. The maximum 
likelihood estimate (MLE) Z of T can be shown 
(Krotkov 1989) to be 

1 iflXt xo { 0 otherwise 

& 1 +  d:zz 
==- (9) 

This expression is essentially a weighted average, where 
the weights are the variances of the measurement proc- 
esses. The MLE is a lower-variance ejtimator of Tthan 
any of the Z, (Krotkov 1989). 

5.2 Implemenmion 

Figure 5 illustrates the implemented combination 
policy. The most imporcant implementation issue for 
both the statistical consistency test and the maximum 
likelihood estimator is to determine the variances of 
the measurements Z,. As discussed in section 3, they 
are simply the squared uncertainties 03 and 4. The 
uncertainty ujon the focusing-range estimate is given 
by the depth of field, which under typical operating 
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first be oriented so that objects of interest will be vis- 
ible from both cameras when the images are later mag- 
nified six times for iocuS ranging. To simplify the prob- 
lem of ddcnnining a desirable camera orientation, only 
vergence mcmment is considered, excluding other cam- 
era translations and rotations. To determine a useful 
vergence angle, an initial, rough estimate ofthe range of 
objects in the scene must first be computed. Here th is  
is accomplished by gross (low-resolution) focus ranging 
with one of the cameras, which is arbitrarily assigned 
to the muster, and the other to be the stave. This visual 
behavior is functionally identical to the accommoda- 
tive convergence behavior of the human visual system, 
in which accommodation drives convergence. 

The gross focusing procedure starts by turning off 
all the lights, opens the aperture as wide as possible 
without saturating, adaptively illuminates the lamps 
until just before saturation, and searches for the focus 
motor position M bringing objects in the field of view 
into reasonably sharp focus. It then uses M to compute 
the range Zps using (2). 

To orient the cameras so that objects at distance 
Zps will lie in the common field of view and have 
cloe to zero disparity, the required vergence angle is 

(4) 

The orienting procedure calculates the vergence motor 
position corresponding to a, and servos the vergence 
motor to this position. After verging, some of the 
objects may have drifted out of view. To reacquire these 
objects, a corrective pan by amount a12 is executed. 
For the purposes of this article, the camera poses are 
now fixed. 

For line extraction and matching, it is desirable to 
keep as much as possible of the scene in sharp focus. 
In turn, this requires increasing the depth of field of 
the lenses, which can be accomplished by decreasing 
the aperture diameters. For this, the procedure starts 
by entirely closing each aperture, and turning up the 
lights as much as possible. Then, independently, each 
aperture adaptively opens until the image intensities 
saturate. This implements the behavior of aperture 
adjustment to vary depth of field. 

4.3 Stereo Ranging with Verijkarion by Focusing 

The imaging procedure now acquires a pair of stereo 
images (box 2). and extracts line segments from them 

(box 3), considering only the portion of the images that 
would be visible when magnified for focusing. Only 
on this part of the image can the lenses be focused 
without reorienting or repositioning the cameras. 

Descending the left branch in figure 4, in box 4 the 
stereo ranging procedure matches the extracted line 
segments, calculates disparities, and in box 6 uses (3) 
to compute the range to the midpoint of each matched 
line segment. As described in section 3, one of the prob- 
lems with stereo is that the computed solutions to the 
correspondence problem are occasionally mistaken. 
It is therefore desirable to verify the computed matches 
to identify the mistaken ones, which can either be 
eliminated or recomputed. In this w r k ,  only the former 
alternative has been explored, although the latter holds 
great promise and is discussed further in section 7. 

The verfication procedure attempts to confirm a 
match by focusing on the matched feature, that is, by 
crosschecking stereo with focusing. This operation is 
analogous to convergence accommodation in the human 
visual system, where disparity estimation serves as vir- 
tual convergence. It begins in box 7 with the master 
image coordinates (urn, v,,,) of the midpoint of a 
matched line segment, and predicts its location in the 
magnified image using knowledge of the image posi- 
tion of the lens center and the magnification, which 
are known from calibration procedures. Next, the pro- 
cedure defines a window P around this predicted loca- 
tion, and zooms in the master lens. Since the predicted 
location is inexact, the procedure adaptively refmes the 
predicted locations, using the adge content of the 
predicted window. Specifically, it transforms P into a 
refined window Wof the same size, whose center lies 
at the centroid of the Sobel gradient magnitude 
distribution S in P, where 

SO, j )  = IlVl(i, ill1 , (5 )  

This effectively pulls the predicted window toward the 
midpoint of the line segment, on which W is now 
centered. 

In box 8, the verfication p d u r e  predicts the 
focus-motor position M corresponding to a computed 
range 2, by solving (2) for M. Next, the procedure 
establishes an interval [MI, Mz] of focus-motor posi- 
tions symmetric about M. whose size is chosen in 
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first be oriented so that objects of interest will be vis- 
ible from both cameras when the images are later mag- 
nified six times for focus ranging. To simplify the prob- 
lem of danmining a desirable camera orientation, only 
vergence mavcment is considered, acludmg other cam- 
era translations and rotations. To determine a useful 
wrgence angle, an initial, mgh estimate ofthe range of 
objects in the scene must first be computed. Here this 
is accomplished by gross (low-resolution) frxxls ranging 
with one of the cameras, which is arbitrarily assigned 
to the muster, and the other to be the slave. This visual 
behavior is functionally identical to the accommoda- 
tive convergence behavior of the human visual system, 
in which accommodation drives convergence. 

The gross focusing procedure starts by turning off 
all the lights, opens the aperture as wide as possible 
without saturating, adaptively illuminates the lamps 
until just before saturation, and searches for the focus 
motor position M bringing objects in the field of view 
into reasonably sharp focus. It then uses M to compute 
the range Zps using (2). 

To orient the cameras so that objects at distance 
Gs will lie in the common field of view and have 
cloe to zero disparity, the required vergence angle is 

(4) 

The orienting procedure calculates the vergence motor 
position corresponding to a, and servos the vergence 
motor to this position. After verging, some of the 
objects may have drifted out of view. To reacquire these 
objects, a corrective pan by amount a12 is executed. 
For the purposes of this article, the camera poses are 
now fixed. 

For line extraction and matching, it is desirable to 
keep as much as possible of the scene in sharp focus. 
In turn, this requires increasing the depth of field of 
the lenses, which can be accomplished by decreasing 
the aperture diameters. For this, the procedure starts 
by entirely closing each aperture, and turning up the 
lights as much as possible. Then, independently, each 
aperture adaptively opens until the image intensities 
saturate. This implements the behavior of aperture 
adjustment to vary depth of field. 

4.3 Stereo Ronging with Verification by Focusing 

The imaging procedure now acquires a pair of stereo 
images (box 2). and extracts line segments from them 

(box 3), considering only the portion of the images that 
would be visible when magnified for focusing. Only 
on this part of the image can the lenses be focused 
without reorienting or repositioning the cameras. 

Descending the left branch in figure 4, in box 4 the 
stereo ranging procedure matches the extracted line 
segments, calculates disparities, and in box 6 uses (3) 
to compute the range to the midpoint of each matched 
line segment. As described in section 3, one of the pmb- 
lems with skreo is that the computed solutions to the 
correspondence problem are occassionally mistaken. 
It is therefore desirable to verify the computed matches 
to identify the mistaken ones, which can either be 
eliminated or recomputed. In this work, only the former 
alternative has been explored, although the latter holds 
great promise and is discussed further in section 7. 

The verfication procedure anempts to confirm a 
match by focusing on the matched feature, that is, by 
crosschecking stereo with focusing. This operation is 
analogous to convergence accommodation in the human 
visual system, where disparity estimation serves as vir- 
tual convergence. It begins in box 7 with the master 
image coordinates (u,, v,) of the midpoint of a 
matched line segment, and predicts its location in the 
magnified image using knowledge of the image posi- 
tion of the lens center and the magnification, which 
are known from calibration procedures. Next, the pro- 
cedure defines a window P around this predicted loca- 
tion, and u>oms in the master lens. Since the predicted 
location is inexact, the procedure adaptively refmes the 
predicted locations, using the edge content of the 
predicted window. Specifically, it transforms P into a 
refined window W of the same size, whose center lies 
at the centroid of the Sobel gradient magnitude 
distribution S in P, where 

This effectively pulls the predicted window toward the 
midpoint of the line segment, on which W is now 
centered. 

In box 8, the verfication procedure predicts the 
focus-motor position M corresponding to a computed 
range Z, by solving (2) for M. Next, the procedure 
establishes an interval [MI, M2] of focus-motor posi- 
tions symmetric about M, whose size is chosen in 
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causing minor image instability. The adaptive window 
refinement compensates for the instability fairly &ec- 
tively by adjusting the window location. But if this fails 
and a mistaken range is computed, the failure is likely 
to cause msscheckmg to fail or to be incomplete. The 
averall performance is poorer since it provides one less 
data point, but this does not halt the processing of 
others. 

Second, significant changes in Scene illumination 
occur during the course of a trial, due for instance to 
shadows cast by passing people, and room lights being 
turned on or off. Frequently, such distrubrances are 
accommodated by the adaptive aperture control. If not, 
a ranging or verification procedure will probably fail, 
but the system does not grind to a halt. Instead, its per- 
formance degrades gracefully. 

5 Combination Policy 

The outcome of the cooperative ranging process so far 
(through boxes 10 and 17) is two sets of pairs of range 
measurements (ZS, zjh) and (G, +), whose union 
can be viewed as one set of pairs of measurements (Z1, 
&). It is natural to seek now a single, better estimate 
that is more accurate than Z1 or &. For the purposes 
of this article, better means most likely, and more ac- 
curate means lower expected variance. Of course, many 
other interpretations of these terms can be found in the 
substantial literature on statistical filtering and estima- 
tion techniques. This section describes a policy for corn- 
bining each pair of measurements into a single one, 
yielding a set of most likely range values 2, as well 
as an upper bound on their uncertainty. 

5.1 Measurement Consistency and Combination 

Let 2, and 5 represent independent measurements of 
the range Tof an object point. Here they represent the 
ranges computed independently by focusing and stereo, 
but the following analysis can be extended to apply to 
any number of measurements from any kind of measur- 
ing device or procedure. For simplicity, the 
measurements are treated as scalars, although they 
could equally well be treated as vtctors representing, 
for urample, computed three-dimensional positions. 

Suppose that the measurements 2, are normally 
distributed Nb,, 4). a, # 0. Further suppose that the 
sensors are not biased, so that the p, are identical, and 

in particular, that pl = p2. This amounts to the 
hypothesis that the measurements are of the same phys- 
ical quantity, which is justified by the fact that the 
measurements have so $r survived crosschecking. To 
futher ensure (with a given probability) that the mea- 
surements are consistent, a statistical test attempts to 
reject this hypothesis. 

Since 2, and 5 are independent, a zero-mean, 
unit-variance random variable x can be defined by 

21 - z, x=m (7) 

The absolute value of x grows with the difference 
between the Zi, and so can be used as a measure of 
their consistency, testing the hypothesis that the 2, 
represent the same value. Define a threshold function by 

(8) consistent (Z1. z;) = 

If 1x1 exceeds the threshold value xn then we reject the 
hypothesis that the given measurements are consistent, 
that is, represent the same physical quantity. An appro- 
priate xn can be chosen basad on an acceptable (see 
Section 5.2) error probability a considering that x obeys 
a standard n o d  distribution. 

Let Z1 and Z, be two independent normally 
distributed measurements, as above, and in addition 
require that they be consistent. The maximum 
likelihood estimate (MLE) 2 of T can be shown 
(Krotkov 1989) to be 

1 i f l x l  5 Xn { 0 otherwise 

(9 )  

This expression is essentially a weighted average, where 
the weights are the variances of the measurement proc- 
esses. The MLE is a lower-variance esrimator of Tthan 
any of the Z, (Krotkov 1989). 

5.2 Implemew'on 

Figure 5 illustrates the implemented combination 
policy. The most important implementation issue for 
both the statistical consistency test and the maximum 
likelihood estimator is to determine the variances of 
the measurements 2,. As discussed in section 3, they 
are simply the squared uncertainties 4 and 4. The 
uncertainty uf on the focusing-range estimate is given 
by the depth of field, which under typical operating 
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1 4 

(b) 

I - ,- -  

performed on-line, since everchanging images have to 
be processed; stereo can be performed off-line, since 
only one pair of images is required. Focusing works 
best with a smaU depth of field to increase the resolu- 
tion of the range computation; stem profits from a 
large depth of field to keep as much as possible of the 
scene in sharp fixus, thus decreasing feature- 
localization errors. Focusing requires a longer focal 
length, so that the criterion-function mode has a sharp 
pcak; stereo can be performed at any focal length, but 
it covers a larger field of view with a smaller focal 
length. Focusing produces range information to 
patches; stem produces range information to points 
and lines. Focusing is prone to making mistakes when 
not operating on meaningful, structured image areas; 
stereo is prone to mistakes in solving the cor- 
respondence problem. 

Although both make visual-range measurements, 
fi>cusing and stereo are based on different principles, 
exhibit different accuracies, and inwlye very different 
processing steps. The challenge faced now is for them 
to cooperate. 

4 Cooperative Ranging 

This section describes several cooperative behaviors, 
whose final outcome is tulo sets of three-dimensional 
points (figure 4). The sequence of operations at the top 
of the figure (boxes 1-3) autonomously position and 
orient the cameras so that they can capture a stereo pair 
of images and extract line segments from them. The 
point of the operations in the two branches is for focus 
and stem ranging to verify the results of each other 

i 

i 
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We conducted 75 experiments, processing close to 
3000 different object points. As a result of the limited 
field of view of the lens at the maximum magnifica- 
tion, only a small number of line-segment features are 
extracted (several tens), and as a result of the conser- 
vative matching policy, there arc even fewer cor- 
respondences computed (tens). In general, the range 
map computed in each experiment is fairly sparse, 
typically consisting of ten to fifteen points. This spars- 
ity is not necessary, and section 7 discusses strategies 
for increasing the size and density of the range maps. 

61 Reliability 

During the experiments, many measmments were not 
verified by the cooperative ranging process: some 
because they were mistaken; others because they were 
not in the common field of view, occluded, or too close 
to other points; and still others because of hardware 
failures. The stereo-ranging procedure computed 
mistaken ranges for at least 67 points, while the focus- 
xanging procedure identitjed mistaken ranges for a! least 
26 points. 

In none of the experiments w a s  a mistaken match 
ever verified by focusing, nor was a mistaken focusing 
range ever confirmed by stereo. Indeed, cross-checking 
was so effective that no more than four points survived 

to hil the statistical consistency test. We conclude that 
the range measurements are highly reliable; if a m g e  
measurement is confirmed by both s t e m  and focus- 
ing, tbehypothesisthat it ismistaken can be prima hcie 
rejected. 

62  Accumcy 

The distancedependent quantity U in (1) defines the 
uncertainty of the cooperative range measurements. In 
this case, 2 represents the MLE range computed by 
(10). T represents the manually measured range, and 
the units of U are percent per meter, as in section 3. 

We tabulate accuracy results for a subset of the 
experimental data in which, to facilitate the manual 
distance measurements, the studied objects are planar 
and lie reasonably close to perpendicular to the optic 
axes of the unconvexged lenses. Results for all the data 
are not available, since careful manual measurement 
of the object distances is quite timeconsuming. 

The sumtnary of the data at the bottom of table 1 
meals that, considering an average over 100 points, 
focus ranging is somewhat more accurate than stereo 
ranging, consistent with the previous studies of their 
relative accuracies, and that the MLE is marginally 
superior to focus ranging alone. The summary of table 
2 shm that, considering an average over 144 points, 
the MLE is slightly more accurate than either of the 
focus-range measurements alone. Examination of both 
tables reveals that in a number of experiments, the MLE 
is actually less accurate than one of the measurements 
alone. This could be accounted for by the fact that the 
focus and stereo measurements do not have exactly the 
same mean values, because they are not perfectly 
calibrated. Even ifthey were perfectly calibrated, occa- 
sional departures from the expected values would not 
be surpriShg, since the p d m d  Mfiance of the MLE 
is an expected quantity bounded in the long run, but 
not guaranteed to fall inside the expected bounds for 
each data set. 

7 Discussion 

Here, we have presented a procedure for autonomous 
cooperative ranging, using focusing and stereo 
behaviors, which consists of ensuring measurement 
consistency-by crosschecking and by statistical 
testing-and combining consistent measurements by a 

i 
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by the absolute error IT - 2 I nor by the relative error 
(T - Z ) / T  However, the dismce-dependent relative 
c m r  A = (T - Z) /T2  does capture this dependency. 
For a number of measurements of different quantities 
(i.e., the distances to di&rent object points), we define 
the uncertainty Uas the mot-mean-square percent error 
over N measurements: 

This figure of merit, whose units are percent per meter, 
reflects the distancedependent uncertainty for the set 
of measurements, and can be used to describe the range 
uncertainty of the measurement process as a whole. 
One interprets an uncertainty of 1 percent/m as follows: 
h r  an object point 1 m away the uncertainty on its range 
is 1 percent, or Im X 0.01 = 1 cm; for an object at 
2 m distance the relative error is 2 percent, resulting 
in 2m x 0.02 = 4 cm uncertainty; and so forth. 

3.1 Focus Ranging 

Focus ranging encounters problems when W con- 
tains projections of objects lying at different distances. 
Figure 2 illustrates thrw images, digitized at different 
focus settings, of a Scene containing three objects ly- 
ing at different distances. It also plots the criterion hnc- 
tion computed over all focus settings while treating the 
entire field of view as W The criterion function has 
three local maxima, one for each object. Using the 
hcus seaing corresponding to the mode of the criterion 
function to compute a range pruduces a meaningless, 
mistaken result. That the criterion function is not 
unimodal is considered a mistake, as distinct from an 
error or an inaccurate measurement, because it violates 
the assumptions that Wcontains projections of objects 
lying at roughly the same distance. 

3.2 Stereo Ranging 

The stereo-ranging procedure (Kmtkov et al. 1990) per- 
forms five steps: 

1. Set the lens focal lengths to their minimum values 
(17.5 mm, or a rq$ification of I x )  to maximize 
the field of view. The focus-ranging procedure described in (Krotkov 

1987) involves four steps: 2. Acquire a stereo pair of images. 
1. Set the fbd length to its maximum value (105 mm, 3. Extract line segments from each image. 

2. 

3. 

4. 

or a magnification of 6x), to decrease the depth of 
field of the lens. 
Select a small  image path (typically 20 ~ 2 0  pixels) 
to serve as an evaluation window W. 
Automatically focus the lens on R! A criterion func- 
tion approximately measures the “sharpness” of 
focus by the magnitude of the gradient of the inten- 
sity function in U! A search procedure locates the 
focus motor position M of the lens eliciting the max- 
imal response from the criterion function. 
Solve an adapted version of the Gaussian lens law 
for the distance along the z-axis from the lens center 
to the point(s) projecting to W using 

where y and 6 are calibrated constants, M is the 
focus motor position determined in step 3, andfis 
the focal length of the lens. 

4. Identify corresponding line segments using a recur- 
sive hypothesize-and-verify algorithm. Compute a 
disparity vector d = (dx, d,.) as the distance (mm) 
between the midpoints of corresponding line 
segments. 

5 .  For each correspondence, triangulate approximately 
on the object, taking the vergence angle into account: 

4 (3) 
where XL - XR = d,, b is the stereo baseline, f is 
the focal length of the lens, the right camera rotates 
about the right lens center by 8, the left camera 
rotates about the left lens center by -8, and Z, is 
an offset from the baseline to a plane, defined for 
measurement convenience, to be attached to the 
camera platform. 

For correct solutions to the correspondence prob- 
Experimentally, under typical operating conditions and 
object distances between 1 and 3 m, the uncertainty of 
the range computation is approximately or = 1 percent/ 
m, commensurate with the depth of field of the lens. 

lem, the uncertainty of (3) has been-experimentally 
determined to be approximately 2.5 percenttm, for 
object distances between 1 and 3 m. However, one 
problem with stereo (not unique to th is  matching 
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0.72 
0.11 
0.83 
0.31 
2.03 
1.40 
2.26 
3.33 
1.03 

0.45 
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0.38 
0.92 
0.69 
1.25 
0.85 
1.37 
0.59 
2.47 
1.04 

0.53 
0.5 1 
0.37 
0.34 
0.84 
0.57 
1.10 
1 .oo 
1.35 
0.65 
2.58 
0.80 

inte&rence,.measurement errors, measurement mis-  
takes, and m n  moderate hardware failures. 

While the sturdiness ofthe implementation is note- 
worthy, the reliability of the combined range measure- 
ments is especially significant. In 75 experiments con- 
sidering 3000 object points, not one of the approxi- 
mately 100 mistaken range measurements survived 
cross-checking and statistical consistency testing. Al- 
though this does not imply that mistakes cannot occur, 
it is convincing evidence that they am highly unlikely, 
and that cooperative range measurements can be used 
with a high degree of confidence. 

the relative error in the combined measurements is not 
Ibe Bccuracy results are less than satisfying, because 

2 2286.0 3.58 1.33 1.60 significantly laver than one ofthe measurements (from 
busing) done.  his is not surprising given that the 7 1981.2 0.44 

100 - 1.24 0.79 0.75 rocuSing measurcments are weighted more heavily than 
the stereo measurements, and leads to the general con- 
clusion that as the differences in sensor accuracy grow, 

T Stcra, Focus MLE the benefits (from the point of view of accuracy alone) 
N (-1 W m )  W m )  W m )  of combining their measurements diminishes. 
10 2908.3 0.83 0.81 0.68 Although the implementation adequately demon- 
15 2270.0 0.62 0.68 0.58 strates the principle of cooperative ranging and prac- 
16 2032.0 0.75 0.72 0.51 tically illustrates the benefit of increased reliability, it 
14 1778.0 1 .M 0.79 0.88 is by no means a finished product. The remainder of 

this Section discusses some improvements and exten- 17 1524.0 1.13 0 . n  

sions that might make it a more powerful system for 17 2159.0 1 .tn 0.96 
17 1905.0 1.58 1.51 1 .% applications. 
16 1651.0 2.28 2.01 2.14 The output range maps are sparse. In a number of 
13 2667 .O 0.67 0.46 0.46 applications, having a few range points with hiah con- 

0.53 0.47 

Table 2. UDcenainty of focus ranging verified by stern 10 trirls. 

9 2540.0 1.07 1.41 1.16 
o.99 

144 - 1.14 1 .a 1 .oo fidence is of great-help. For ither applications, it is 
possible to increase both the quantity and the density 

maximum-likelihood estimator. The results of the 
experiments show that (i) the cooperative ranging pro- 
cedure is robust, and (ii) that the computed range values 
are highly reliable, since mistaken combined range 
measurements are extremely rare, and (iii) they are 
more accuxate than either of the computed ranges alone, 
as shown by the smaller rms percent error of the 
maximum-likelihood estimates. These three points 
deserve further discussion. 

The procedure is not just an idea on paper or a pro- 
gram that ran successfully once, but a process that has 
been extensively tested in a complex environment and 
on a wide variety of scenes including curved surfaces, 
occluded objects, and specular reflectors. The imple- 
mentation autonomously performs a sequence of 
dynamic, adaptive sensing operations, and exhibits 
robust behavior in the presence of signal noise and 

of the range points, in at least three ways. 
First, focusing and stereo currently operate under 

different image magnifications (six and one, respec- 
tively). In one sense, this is a strength of the implemen- 
tation, because it shows that sensors yith very different 
operating requirements and characterstics can indeed 
cooperate. In another sense, this is a weakness of 
the implementation, because it significantly decreases 
the wmmon field of view, and consequently limits the 
possible quantity of computed range points. Using the 
same magnification W d  simprify the implementation, 
and could increase the size of the range maps by a 
factor of as much as 36 (the maximum increase in the 
area of the field of view). Alternatively, the cameras 
could be reoriented and/or repositioned several times 
for hcus ranging and cross-checking. 

Second, for simplicity, the focusing and stereo proc- 
esses currently consider only the midpoints of the 
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The human visual system couples accommodation 
and convergence. One aspect of this coupling is con- 
wrgence accomdazion: as the eyes converge, they 
accommodate as if to focus objects nearer and nearer. 
Studies of this phenomenon show that convergence 
alone, in the absence of blur, can drive accommoda- 
tion (Fincham & W t o n  1957; Kersten & Stark 1977). 
The converse aspect of this coupling is accommodative 
convergence: when one eye accommodatts to a target, 
the visual axes converge to fixate that target. Studies 
of this phenomenon meal that a subject, when acmm- 
modating to a monocularly presented near target, will 
cxhibit convergence (as well as accommodation in the 
other eye) even though the monocular presentation 
eliminates the need for convergence (Westheimer 
1976). In short, Convergence in the absence of disparity 
can drive accommodation, and accommodation in the 
absence of disparity CBD drive convergence and also 
accommodation of the other eye. 

A third aspect of this coupling is variability: the con- 
trol parameters vary with the optical stimulus. Miles 
et al. (1987) studied human subjects before and after 
wearing various optical devices (periscopes and 
prisms), and confirmed the existence of adaptive ele- 
ments that regulate the bias in the vergence and/or 
accommodation systems. 

The general form of cooperation exhibited by the 
human visual system-one cue triggering the other- 
inspires our approach. The four implemented visual 
behaviors have biological analogues: 

1.  The aperture adjustment behavior is analogous to 
pupil constriction. 

2. The focus-fixate behavior is analogous to accom- 
modative convergence. 

3. The stereo-focus behavior is analogous to con- 
vergence accommodation, where disparity estima- 
tion serves as virtual convergence. 

4. The focus-predict-focus behavior is analogous to 
accommodative convergence, where disparity pre- 
diction acts as virtual convergence. 

We take the biological examples of cooperation 
as insphion,  but not more; we do not attempt to 
implement proposed mode1s-e.g. , (Krishnan & Stark 
1977; Schor 1979; Sperling 1970-f the human visual 
system, nor do we seek to synthesize its mechanisms. 
We note that our approach exhibits a looser and more 
sequential coupling between convergence and accom- 
modation than the approach taken by for the 
human visual system. 

2.2 Machine Accommodarion and Convergence 

Computer vision researchers have devoted significant 
effort to understanding the individual depth cues. For 
accommodation, pioneering efforts include papers by 
Horn (I%@, Tenenbaum (1970)) and Jarvis (1976). 
h t l a n d  (1987) initiated an cffort to recover range from 
blur that precedes contributions fiom Grossman (1987). 
Subbarao (1988)) and Ens (1990). Other contributions 
to the fiteraturc come from Krotkov (1987). Nayar and 
Nakagawa (1990)) and Cardill0 and Sid-Ahmed (1991). 
None of these efforts seriously addresses the role of 
convergence. 

For convergence, Grimson (1981) investigated 
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Abstract 
This article addresses the problem of measuring reliabily the absolute threedimensional position of objects in 
an unknown and cluttered scene. It circumvents the limitations of a single sensor or single algorithm by using 
several range rtcovery techniques together, so that they oooperate in visual behaviors similar to those exhibited 
by the human visual system. Implemented visual behaviors include (i) aperture adjustment to vary depth of field 
and contrast, (ii) focus ranging followed by fixation, (iii) stereo ranging followed by focus ranging, and (iv) focus 
ranging followed by disparity prediction followed by focus ranging. The main contribution is a demonstration that 
two particular visual ranging processes--focusing and ster- cooperate to improve measurement reliability. 
The results of 75 experiments processing close to 3000 different object points lying at distances between 1 and 
3 meters demonstrate that the computed range values are highly reliable. 

1 Introduction 

This article addresses the problem of measuring 
reliably the three-dimensional position of objects is an 
unknown and cluttered scene. Although relative dis- 
tances suffice for many tasks, we seek to estimate 
absolute position, say, for motion planning or map 
making. 

Computer vision research bas established various 
three-dimensional recovery techniques, but the fund- 
amental problem remains open. One reason is that any 
single sensor or single algorithm is aecessarily limited. 
We propose to circumvent these limitations by using 
several range recovery techniques in conjunction, so 
that they cooperate in visual behaviors (actions and 

hibited by the human visual system. The approach fits 
within the framework of stnsor fusion, but differs from 
traditional methods by addressing directly the data- 
acquisition process. 

reactions in specific circumstan~) similar to those ex- 

'Ihis article presents and analyzes four implemented 
visual behaviors: 

1. Aperture adjustment to vary depth of field and 

2. Focus ranging followed by fixation (section 4.2). 
3. Stereo ranging followed by focus ranging (section 

4. Focus ranging of one camera followed by predic- 
tion of binocular disparity followed by focus rang- 
ing of the other cameras (sectio44.4). 

The main contribution of this work is that it demon- 
strates that two particular visual ranging pmesses- 
focusing and stereo--can cooperate to improve mea- 
surement reliability. The advance is not in developing 
the individual ranging processes, but in enabling their 
behavioral cooperation. Benefits of coopation include 
(i) providing statistically mort effective data sets, 
(ii) enforcing data consistency via mutual constraint, 
and (E) reducing mistakes generated by improper 

improve contrast (section 4.1, 4.3). 

4.3). 


