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Abstract

W e address an activ e w ay of depth estimation using the mechanical degrees of

freedom of a stereo vision system. A depth map will b e computed in an action-

p erception cycle b y using the control of gaze and v ergence of the activ e system

iterately . W e apply a phase-based approac h to compute disparity maps on di�er-

en t resolutions. Due to the phase-based approac h sub-pixel accuracy in disparity

estimation is p ossible. The disparity v alue of the map cen ter is used as an error

signal for v ergence control. First a gaze controller �xates selected gaze p oin ts of the

image. Then the v ergence mov ement is commanded. The settling time for conv er-

gence on these �xated p oin ts is 0.3-0.5 seconds. The closed-lo op v ergence control

has a p erformance of 25 Hz. The depth is computed b y triangulation lo cally after

conv ergence. This strategy (gaze and v ergence control) ov ercomes the problem of

large disparities and phase wrap around and allo ws the computation of absolute

depth in real-time.

1 In tro duction

Depth p erception is one of the fundamental problems in computer vision. In the last

30 y ears a lot of researc h on algorithms estimating depth from images have b een done.

Some algorithms are based on a single camera, e.q. 'depth from fo cussing/motion', but

many more algorithms use stereo con�gurations similar to the h uman eye con�guration

for depth p erception. A t �rst static camera systems w ere used to reco ver 3D-information

from images. With exact calibration go o d results could b e obtained. A stable solution of

the corresp ondence problem w as the k ey for the p erception of depth.

In the activ e vision paradigm in the sense of Ba jcsy [4] cameras b ecome an activ e instead

of passiv e observ er. The acquisition of visual data is no longer a passiv e pro cess, but

an activ e one. It needs to b e controlled b y optimal strategies dep ending on the goal of

the vision pro cess. Ballard and Brown [3] called this animate or purp osiv e vision. They

inv olv ed the principles of h uman vision lik e learning and gaze-con trol in computer vision.

In the h uman visual system the gaze control is a means to select necessary information

for visual p erception. Therefore control of the eye movemen ts has to b e seen as a part

of the system. Action is related with p erception in the so called action-p erception cycle

(Sommer [13 ]). F or example the vergence movemen t of the eyes is related with depth

p erception in the near �eld of visual p erception.

The reasons for v ergence movemen t in an arti�cial vision system are not so obvious as for

the h uman visual system with its nonuniform spatial resolution of the retina. Normally

common technical sensors have a uniform but not retina lik e top ology of pixels. Study-

ing the co op eration of v ergence movem en t and the di�eren t eye (camera) movem en ts as
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smo oth pursuit and saccades, describ ed b y Y arbus [20] for h uman vision, is one asp ect of

basic researc h in activ e vision. Some more practical asp ects for verging are based on math-

ematical reasons, making analysis of ob jects near the optical axis of b oth cameras easier.

V erging allo ws disparity-based segmentation, ignoring features with to o large disparities

in the in terpreted scene. These t w o asp ects for vergence movemen t, noticed b y Olsen &

Co ombs [17 ], are compleme n ted from the imp ortant prop ert y to reduce stereo disparity

in the scene. Reducing disparity increases the p erformance of most stereo algorithms for

depth estimation. Th us v ergence movem en t is a necessary capabilit y for arti�cial visual

systems. W orking with small disparities allows the use of smaller �lters and reduces the

computation time. W e will sho w in this w ork that real-time depth estimation at 25 Hz

b ecomes p ossible.

The angle b et w een the t w o optical axes of the cameras is called vergence angle . It is

directly related to the distance of the ob ject which is �xated b y b oth cameras. Th us any

depth cues lik e motion, texture or shading can b e used to control this angle. The most

common depth cue for v ergence control is horizon tal stereo disparity . Converging on a

p oin t means that the optical axes intersect at that p oin t, resulting in a zero-disparity

there. Our system �xates interesting ob jects with a dominating (right) camera. The

v ergence mo v em en t is controlled b y reducing the measured horizon tal disparity to zero.

F or real-time applications at 25 Hz w e need a fast stereo algorithm using the giv en pip eline

arc hitecture of the image pro cessing system in an optimal manner. F eature based algo-

rithms which solve the corresp ondence problem explicitly b y a search pro cess are un-

suitable b ecause of sev eral principal and practical reasons. Region based algorithms lik e

correlation and phase-based approac hes giv e denser disparity information than feature

based algorithms, which cover such information only at the features. Correlation needs a

maximum searc h and due to di�eren t ligh ting and contrast conditions in b oth cameras,

correlation is sensitiv e to noise. An algorithm based on bandpass �lters could giv e more

stable results under real w orld conditions. Gab or �lters [9] with limited spatial width

and �nite bandwidth are suitable �lters for computing stereo disparity [18] in such an

approac h.

W e use a phase-based approac h with spatial Gab or �lters to compute m ulti-resolution

disparity maps in real-time. The disparity in the center of the map is used to control the

v ergence mo v eme n t. A coarse-to-�ne strategy helps us deal with large disparity v alues un-

measurable b y small �lters which w e have to use in order to obtain real-time p erformance.

An activ e gaze control allows us to deal with the wrap around of the Gab or phase. This

wrap around mak es it di�cult to estimate the absolute depth for pixels outside the center

of the disparity map, b ecause the phase di�erence can b e only estimate mo dulo 2 � . After

conv ergence at the �xated p oin t the absolute depth can b e computed b y triangulation

kno wing the v ergence angles and the baseline length. A represen tation of the depth v alues

in a cyclop ean eye manner is suitable for visual rob ot navigation, which is a further goal

of our group.

W e describ e in section 2 related w orks to control vergence movem en ts using di�eren t

approac hes for disparity estimation. Section 3 explains our metho d to estimate horizon tal

disparity with Gab or �lters in a m ulti-resolution manner. The closed-lo op control of

v ergence mo v em en t is sub ject of section 4. In section 5 w e describ e the strategy for gaze

control and the computation of a cyclop ean depth map using the vergence control. The

last section 6 sho ws results in disparity and depth estimation.
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2 Related W orks

Lik e saccadic eye mo v em en t s and smo oth pursuit the vergence movem en t is one of the

basic capabilities of an activ e vision system. Th us most researc h groups w orking in the

�eld of activ e vision are impleme n ting mo dules to control vergence movemen t. First

Abb ot & Ah uja [1], [2] use vergence movem en t for b etter surface reconstruction. Later

Krotko v [10] combine di�eren t stereo algorithms with verging cameras for increasing depth

p erception. He increases the stabilit y of the system b y implemen ting a 'depth from fo cus'

algorithm.

Basing on a m ulti-resolution cross-correlation approac h, Ching et al. [7] presents a ver-

gence control which sp ecially deals with sp ecular highlights and o cclusions. Di�eren t to

us they use a three camera moun t for vergence movemen t. T o solve the corresp ondence

problem they apply a optimized cross-correlation algorithm instead of our phase-based

approac h.

By using a cepstral �lter for disparity estimation Olsen & Co ombs [17] dev elop a real-

time v ergence control with a comparable servo rate of 10 Hz. They use also a PD-

controller for v ergence control as w e do. Due to the c haracteristics of cepstral �ltering they

hav e to handle with m ultiple p eaks in their �lter resp onses. The hardw are con�guration

is similar to our system using a pip eline pro cessor. More closer to our approac h in

disparity estimation are the w ork from Theimer & Mallot [15]. They also use a phase-

based approac h with Gab or �lters on sub-sampled images with a rate of 1 Hz on common

hardw are. They optimized the resulting disparity map b y applying the lo cal frequency

mo del and di�eren t �lter orientations. This reduced the servo rate to 0.1 Hz.

W estelius et al. [19] dev elop a vergence control based on phase di�erences. In a coarse-to-

�ne strategy they use a lo cal image shift to deal with large disparities. T o get stable results

they additionally compute the disparity from a pair of edge images in each resolution and

w eigh ted b oth disparities from image and edge image pair. Their algorithm is implemen ted

on an activ e system but up to now no p erformance data w ere giv en. The group of Eklundh

et al. [5] controlles v ergence movem en t with the same servo rate of 25 Hz as w e do. But

di�eren t to us they use smaller �lters in only one dimension and di�eren t con�dence

measures. Their v ergence control is integrated in a smo oth pursuit system. This will b e

realized also in our system in the next time.

3 Phase-based Disparit y Estimation

The idea of a phase-based approac h for disparity estimation is to solve the corresp ondence

problem implicitl y . Without explicit feature extraction and search pro cesses phase-based

approac hes can b e describ ed similarly b y a lo cal correlation of bandpass-�ltered images.

The lo cal phase resp onse of the signal contains the information of the spatial p osition of

the matc hed structure. According to the F ourier shift-theorem

f ( x ) F ( ! ) f ( x + D ) F ( ! ) e

ik D

; (1)

a global spatial shift D of a signal f ( x ) can b e detected as a phase shift in the F ourier

sp ectrum. T o reco v er the lo cal disparity as a spatial shift the lo cal phase di�erences have
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to b e computed. Extracting the lo cal phase in b oth images of a stereo pair with complex

�lters lik e Gab or �lters leads to a direct computation of lo cal disparity .

Sanger [18 ], Langley et al. [11] and Fleet et al. [8] have emplo yed phase-based approac hes

in one or t w o dimensions to reco ver disparity information with complex Gab or �lters (2)

on di�eren t scales.

G ( x ; � ; ! ) =

1

p

2 � �

e

� x

2

= 2 �

2

e

� i! x

(2)

The resp onse in the frequency domain is:

g ( f

x

; �; ! ) = 2 � �

2

( e

�

�

2

2

( f

x

� ! )

2

+ e

�

�

2

2

( f

x

+ ! )

2

) : (3)

W e denote the Gab or �lter resp onses f

g

( x ) = G ( x ; �; ! ) � f ( x ). The magnitude of the

righ t image resp onse is r ( x ) = j f

g

( x ) j and that of the left image is l ( x ). The phases are

denoted �

r

( x ) = ar g [ f

g

( x )] for the righ t and �

l

( x ) for the left image.

T o hav e similar �lters on di�eren t scales the mean frequency ! is linked with the width

� of the Gaussian b y the bandwidth factor t =

1

� !

2 (0 ; 1). A bandwidth factor t = 0 : 33

leads to a full bandwidth of one o cta ve.

The spatial shift D ( x ) =

��( x )

!

in a stereo image pair is computed from lo cal phase

di�erence:

��( x ) = �

l

( x ) � �

r

( x ) : (4)

This is called the constan t frequency mo del ! ( x ) = ! . In some cases the phase can c hange

v ery quic kly , not linearly as exp ected. The reasons are singularities in the phase signal

(see [8] for details). T o o v ercome this trouble the lo cal frequency mo del �! ( x ) as the mean

of �rst deriv atives with resp ect to x : �

0

l

( x ) ; �

0

r

( x ) of the phases �

l

( x ) ; �

r

( x ) is de�ned b y

Fleet:

�! ( x ) =

1

2

( �

0

l

( x ) + �

0

r

( x )) (5)

The lo cal frequency mo del increases the accuracy of disparity estimation, but also in-

creases the computational costs b ecause of the wrap around of phase from + � to � �

which allo ws no direct computation of the lo cal phase deriv atives (see [8] and [15]).

The linear b ehaviour of the phases dep ends on the magnitude of the Gab or �lter resp onse.

Indep enden t of the magnitude in b oth or one image you can alwa ys compute a lo cal phase

di�erence. But a w eak magnitude causes a false matc h to the structure in the images. So

all authors ha v e de�ned di�eren t con�dence v alues c ( x ) based on the magnitudes l ( x ) ; r ( x )

of the Gab or �lter resp onses in the left and righ t image to get a measure for stabilit y of

the disparity estimation.

3.1 Our Approac h for a fast real-time algorithm

F or disparity estimation the c hoice of the �lter parameters are in
uenced b y the giv en

hardw are to obtain real-time p erformance. Small �lters and a simple algorithm can p er-

form a high clo c k rate. W e dev elop ed such a simple algorithm based on the theoretical

principles of the phase-based approac h.
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3.1.1 Filter design

By designing �lters for measuring phase disparities the following constrain ts m ust b e

regarded [19]:

a. No DC comp onen t b ecause a small signal 
uctuation compared to the DC lev el

results in a non optimal phase b ehaviour.

b. No wrap around of the phase in the impulse resp onse due to maximiz ation of the

measurable disparity .

c. Monotonous phase to assure the one to one relation b etw een phase di�erence and

disparity .

d. Small spatial supp ort to get low computational costs.

e. Only p ositiv e frequencies b ecause of quadrature requiremen ts.

W e c ho ose a Gab or �lter with an o dd size of 7x7 in order to use the maximal p ossible

template size of 8x8 of the giv en image pro cessing hardw are

1

optimally . A bandwidth

factor t = 0 : 33 is c hosen to reac h a bandwidth of one o cta ve. T o get no wrap around and

to hav e a maximum measurable horizon tal disparity related to the �lter size a w a velength

� = 2 � =!

x

= 6 pixel is optimal.

Fig.1: Odd and Ev en Gab or �lter 7x7 with � = 6 pixel and asp ect ratio �

x

=�

y

= 2.

Lik e other authors [15 ] w e c ho ose an asp ect ratio of the Gaussian �

x

=�

y

= 2 optimizing

to v ertical edge resp onses. Fig.1 sho ws our discrete even (DC corrected) and o dd Gab or

�lters. The �lter has to b e DC-corrected to get go o d phase b ehaviour. In the contin uous

case the corrected Gab or �lter b y (6) has no linear phase resp onse [12].

G ( x ; �; ! ) =

1

p

2 � �

e

� x

2

= 2 �

2

( e

� i! x

� e

� c

2

= 2

) : (6)

The phase-b ehaviour of our discrete DC-corrected 7x7 Gab or �lter is sho wn in Fig. 2.

Due to a large scale factor c > 3 the phase is still linear. Th us the DC-corrected �lter is

suitable for phase estimation.

1

Datacub e, MaxVideo 200

5



Fig.2: The F ourier sp ectrum and phase b eha viour of our discrete DC-corrected Gab or �lter.

The F ourier sp ectrum of the Gab or �lter has a nonzero magnitude in the negative fre-

quency domain due to quan tization and cut-o� e�ects. Th us the quadrature requiremen ts

are not completely ful�lled. This can cause a c hange in the sign of phase di�erences de-

p ending on the frequency content of the image [19]. In practice the measured phase

di�erences are link ed with con�dence v alues, so this e�ect can b e neglected.

3.1.2 Con�dence v alue

Without a consistency c heck of the measured phases in the left and the righ t image,

disparity estimation can pro duce arbitrary results. W e c ho ose the following metho d to

c heck the stabilit y of phase information. First, in each image the magnitude r ( x ) ; l ( x )

of the �lter resp onses is thresholded (by 20 % of the maximum magnitude). Magnitudes

b elo w this threshold are set to zero. Second, the sum of magnitudes l ( x ) + r ( x ) of b oth

images are calculated and thresholded again (by 40 % of the sum maximum magnitude).

The estimated phase di�erence at image pixel x is called stable if these t w o constrain ts

are ful�lled. This map of stable phase di�erences is our con�dence map . The results of a

disparity estimation without thresholding are explained in Fig.3: An one dimensional bar

(width 4 pixel) is shifted with D = 2 pixels to o verlap another signal. The left and middle

�gures sho w the b ehaviour of phase and magnitude at this rectangle in b oth signals. The

righ t �gure sho ws that the estimated disparity is more exact when the sum of magnitudes

is high. Larger disparity reduced the spatial area of reliable disparity estimation due to

the small o v erlapping of the �lter resp onses.

Fig.3: Beha viour of phase (left), magnitude(mid. ), magnitude sum and estimated disparit y (right) at an

one dim. bar.
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The stable estimated disparity v alues are b etw een 1.3 -1.6 pixels. The true disparity is

2 pixels. This results are in the same range published b y other authors [16]. Due to the

�lter design the results b ecome more exact if the ob ject stim uli are more sine-wa ve shap ed

with the same mean frequency as the Gab or �lter.

3.2 Multi-resolution disparit y estimation

The small �lter size, necessary for real-time p erformance, demands a strategy to deal with

larger disparities in stereo images. Additionally w e have to c ho ose an algorithm which is

suitable for real-time pro cessing.

Namuduri et al. [14] presented an approac h to compute Gab or �lter resp onses at m ultiple

resolutions. Starting with a high resolution �lter resp onse they compute the resp onse at a

more coarse lev el b y low-pass �ltering with a Gaussian of the same v ariance as the Gab or

�lter.

Our approac h is to compute a Gaussian p yramid f

i

( x ) b y approximating the Gaussian

�lter b y a 7x7 binomial �lter ( B ). Sub-sampling ( S ) reduced the image resolution from

512x480 at the �nest lev el to 16x15 at the coarsest lev el. The Gab or �lter resp onse f

g

( x )

i

at the lev el i is computed b y

f

g

( x )

i

= G ( x; �; ! ) � f

i

( x ) with f

i

( x ) = S � ( B � f

i � 1

( x )) : (7)

This results in a maximal measurable disparity of � 192 pixel at the highest lev el. Due to

the results of the con�dence c heck (3.1.2) the maximal stable disparity is smaller. Figure

4 and 5 sho w the resp onses at di�eren t resolution lev els. The phase resp onse is sho wn on

a scan-line (ro w 128) in the middle of the p oster on the w all. A threshold of 20% of the

magnitude maximum is c hosen to c heck the reliability of the phase resp onse.

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Fig.4: (l.) Resp onses of lev el 1 (512x480) image, (m.) magnitude, (r.) phase (scan-line at ro w 128, only

reliable v alues).
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            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Fig.5: (l.) Resp onses of lev el 4 (64x60) image, (m.) magnitude, (r.) phase .

4 V ergence Con trol

The Kiel camera moun t

2

has four mechanical degrees of freedom: the pan angle of the

neck, the tilt angle � , and t w o vergence angle �

r

and �

l

.

Fig.6: The four mec hanical degrees of freedom of the Kiel camera mount.

The righ t camera has b een declared as the dominating eye of our vision system. Pan, tilt

and righ t v ergence angle �

r

are controlled b y a gaze-controller (see later). The ob ject,

which should b e �xated b y b oth cameras, is �rst lo cated at the center of the righ t �eld

of view. Regarding v ergence movem en t w e only have to control the left vergence angle �

l

to reduce the horizon tal stereo disparity D

c

in the center of view. (In a calibrated system

no v ertical disparity can o ccur in the center.)

The disparity D

c

is pick ed out from the center of the computed disparity map. T o get

more robust v alues of D

c

, it is p ossible to pick the median of a small neigh b ourho o d (3x3)

dep ending on the Gab or �lter size. The estimated disparities at a �xated rectangle in the

image are only reliable in the small o verlap of the Gab or �lter resp onses, so the median

of the cen ter area w ould b e a go o d compromise in a real-time application.

Figure 7 sho ws the v ergence control in a diagram. The PD-con troller is denoted b y G . In

the plan t H the motor control and the vision pro cess are mo delled.

2

Consisting of the TR C BiSigh t V ergence Head and the TRC UniSigh t P an/Tilt Base
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D

c

G H

+

{

�

l

D

0

= 0

Fig 7. Blo c k diagram of the v ergence controller.

The v ergence controller is designed as a feedbac k lo op. The estimated disparities D

c

are

compared with the reference signal D

0

, which is set to zero due to the requiremen t D

c

= 0

in the case of conv ergence. So D

c

is the error signal of the closed lo op. The left vergence

angle �

l

is controlled b y a PD-con troller b ecause of its the robust b ehaviour in real-time

applications. The estimated disparity D

c

is used as the error signal. W e add an o�set

� �

l

to the actual left v ergence angle to compute the new angle �

l

. The o�sets � �

l

are

de�ned b y the PD-con trol law:

� �

l

= K

p

D

c

+ K

d

_

D

c

(8)

The controller gains K

p

and K

d

are tuned in a sim ulation b y the Ziegler-Nic hols metho d

[6] to ha v e robust control and minim al settling time. The b ehaviour of the PD-con trol

is demonstrated in a sim ulation in Figure 8: A true disparity of 100 pixel is measured

correctly at the �rst time step. In the ideal case during the following steps the slo wly

reducing disparity D

c

is measured exactly b y the vision system. The PD-con trol reduced

the estimated disparity near to zero within 10 cycles (0.4 s). In the noisy case the mea-

surement of the disparity D

c

is o verla yed with a random error of maximal 33 %

3

of the

true disparity . Ev en with this inaccuracy the PD-con trol is able to reduce the disparity

to zero nearly in the same settling time.
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Fig 8. Step resp onses (noisy and ideal) of a PD-con troller ( K

p

= 0 : 3, K

d

= 0 : 05).

5 Activ e Depth mapping

5.1 Gaze con trol

The righ t camera has b een declared as our dominating camera. Our gaze controller

has to mo v e the gaze direction of the righ t camera to interesting p oin ts in the w orld.

3

The absolute error of 33 % are chosen by Sanger [18 ] for a linear disparit y mo del due the error

estimation for Gab or �lters of a bandwidth of one o cta v e ( t = 0 : 33).
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What's in teresting in the w orld for our system ? That dep ends on the task the vision

system should do. One p ossible task is depth exploration of an unknown area. The

system should create a depth map of the area. Another task could b e range estimation of

detected obstacles for collision a voiding. In this case the gaze m ust b e only directed on

the obstacle. After the v ergence movemen t the range of the obstacle can b e computed b y

triangulation.

F or depth exploration in an unknown area some kind of gaze p oin ts have to b e selected

to which the righ t camera m ust b e directed. Then the left camera can move on the same

p oin t b y v ergence control. After verging depth computation can b e done. But what gaze

p oin ts could b e selected from an unknown area ? An y kind of �lter resp onse can deliver

p ossible candidates for the gaze directions. One requiremen t for p oin ts is that a stable

v ergence mo v eme n t is p ossible. W ell structured areas in the image, edges and corners are

suited p oin ts for gaze control. T o use a minim um n um b er of �lters it is obvious that w e

use the resp onses of our Gab or �lters for controlling the righ t camera. W e c ho ose the

lo cal maxima of our con�dence map c ( x ) as gaze p oin ts. Remem b er the con�dence map

represen ts the sum of the magnitudes of the righ t and the left Gab or �lter resp onse. Due

to the prop ert y of Gab or �lters most lo cal maxima of the con�dence map are lying on

edges or corners. A stable vergence movemen t is guaran teed. Our gaze controller selects

the lo cal maxima of the con�dence map from one view. They are listed from upp er left to

low er righ t to ha v e minim um camera movem en ts for gaze control. Normally a lab scene

contains 10 - 25 selected p oin ts in a view. After estimating the range of all p oin ts a new

con�dence map is computed. The lo cal maxima can b e detected again at this new view

un til the c hosen segmen t of the unknown area is explored.

5.2 Depth computation

F or depth computation in the case of convergence on a gaze p oin t P w e need the kno wledge

of the left and righ t v ergence angle. Additionally the baseline of the stereo rig is kno wn

( B = 250 mm ). W e computed the depth in a cyclop ean frame (see Fig. 9). The origin is

at the half base line B = 2. The cameras are verging on gaze p oin t P selected b y the gaze

controller. The gaze directions is denoted b y the angles ( 
 ; � ). The angle � is the tilt

angle of our activ e vision system. The vergence angles are �

l

and �

r

.

Z

P

q

B/2         O         B/2

q
rl

g

Fig.9: The stereo geometry of our vision system in the case of con v ergence of gaze p oint P .

W e de�ne the depth Z of the p oin t P as the length of the line P to B = 2. The depth Z

dep ends only on the v ergence angle �

l

, �

r

and the baseline B . With some trigonometric
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transforms y ou get follo wing equation for Z ( �

l

; �

r

; B ):

Z

2

= B

2

(

sin

2

( �

l

� �

r

)

4 sin

2

( �

l

+ �

r

)

+

cos

2

�

r

cos

2

�

l

sin

2

( �

l

+ �

r

)

) : (9)

The gaze angle 
 is determined b y: 
 = arctan (

sin ( �

l

� �

r

)

2 cos �

l

cos �

r

) :

W e represen t the depth map Z ( 
 ; � ) with a resolution of 2 � = 360 for 
 and � . The vergence

angle �

l

and �

r

of our vision system have an intrinsic resolution of 0 : 006

o

. This results

in a theoretical error in depth estimation

� Z

Z

from 0 : 09% at Z = 1 : 0 m up to 0 : 9% at

Z = 10 : 0m in the case of symmetric vergence.

5.3 The action-p erception cycle for depth estimation

The whole action-p erception cycle for depth map computation is divided into three sec-

tions gaze control, v ergence control and depth computation. The cycle starts with the

computation of a con�dence map (256x240) to initialize the gaze controller.

The time for depth exploration of an unknown area dep ends on the n um b er of selected

gaze p oin ts ( 
 ; � ). F or each p oin t a settling time for vergence movem en t of 0.3-0.5 seconds

is p ossible. Gaze control and computation of depth are negligible ( t < 40 ms).

a. Gaze con trol

The lo op for gaze control includes following steps:

1. A lo cal maximum as gaze p oin t in the current con�dence map is detected and is

c hec k ed if it has detected b efore.

2. The new righ t v ergence angle �

r

and the tilt angle � are commanded to the motor

controller to �xate the selected p oin t.

b. V ergence mo v emen t

The whole control lo op for vergence movem en t is p erformed in a time t < 40 ms dep ending

on the resolution of the disparity map. Not un til the dominating righ t camera �xates the

ob ject, the low est resolution (16x15) of the map is computed due to the unknown disparity .

If a larger disparity than � 192 pixels o ccurs other strategies m ust b e used e.q. 'v ergence

from accommo dation', which can giv e go o d results in the nearer �eld of view [10 ].

The closed-lo op v ergence control consists of following steps

1. The analog video signal from the camera is digitized at the image pro cessor in a

resolution of 512x480 pixel.

2. The low-pass �ltered images are computed b y using a binomial �lter (7x7) and

sub-sampling un til the stated resolution lev el i is reac hed.

3. The Gab or resp onses are computed b y convolving with the even and the o dd Gab or

�lter (7x7).

4. The magnitude and phase are computed of the resp onses with a LUT-Op eration

with implicit thresholding the magnitude.
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5. The sum of magnitudes from b oth images are computed and thresholded giving a

con�dence map of reliable areas of phase di�erence.

6. The phase resp onses are subtracted. Due to the 8 bit arithmetics it is implicitly

ensured that the phase di�erences ��( x ) = �

l

( x ) � �

r

( x ) are b etw een � � , + � .

7. The con�dence map is m ultiplied with the phase di�erence map.

4

8. The cen ter of the resulting map D

c

is picked out as the error signal for the PD-

controller.

9. The o�set � �

l

is determined b y the PD-con troller.

10. The new v ergence angle �

l

is commanded to the motion controller.

11. The motion controller runs the left vergence axis with a control rate of 2 kHz.

12. If D

c

w as smaller than the half maximal measurable disparity at the next �ner

resolution the resolution lev el i is decreased for the next cycles.

The steps 1 to 4 are p erformed parallel on t w o MaxVideo 200 b oards. The steps 5-7 are

computed parallel on b oth b oards crossing the data from one b oard to the other. The

time for image pro cessing (steps 1 - 7) are b etw een 33 and 37 ms. The following steps

(8-11) are pro cessed b y a SUN-W orkstation within 3 ms.

c. Depth computation

The computation of the absolute depth Z of the �xated gaze p oin t in the cyclop ean eye

system needs follo wing steps:

1. The p osition of the left and the righ t vergence angle are read from the enco ders.

2. The depth Z is computed b y the giv en equation (9).

3. The cyclop ean gaze angles 
 and � are determined.

4. The v alue Z ( 
 ; � ) represen ts the depth at the gaze direction ( 
 ; � ) in the cyclop ean

eye system.

The depth computation need no relev ant time. The p ositions of the angles are read within

4 ms.

6 Exp erimen ts and results

In this section w e will sho w some disparity maps at di�eren t resolutions and a absolute

depth map. The example (Fig. 10) is a lab scene with our manipulator in the foreground.

The image is grabb ed at the end of the vergence movem en t. The dominating righ t camera

�xates the middle of the manipulator.

4

Due to the constant frequency mo del the disparit y D ( x ) is computed from ��( x ) only by scaling

with the constant mean frequency ! of the �lter.
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Fig.10:(u.l.) The manipulator of our lab. (512x480), (u.m.) disp. map at lev el 2 (256x240), (u.r.) at

lev el 3 (128x120), (l.l.) at lev el 4 (64x60), (l.m.) at lev el 5 (32x30), (l.r.) b eha viour of the disparit y (level

4) at a scan-line (col 116).

On each resolution y ou will get a relative disparity map giving depth information for

a lo cal neigh b ourho o d. Fig.10 (l.r.) sho ws a vertical scan-line (top-down) of the map

disparity on lev el 4. The zero disparity is represen ted b y a constan t line. Unreliable

disparity v alues are set to the zero line. The �rst section of the scan-line resulted from

top of the manipulator �xated b y the righ t camera. The resp onses of the �ngers are the

second part of the scan-line. A t the end of the scan-line the smallest disparity is estimated

at the �nger of the manipulator.

The second example sho ws a t ypical view of our lab. W e explore this scene with our

system to get depth information. Fig.11 sho ws a 
y of four images (u.) and their resulting

con�dence maps at a resolution 128x120 (l.). The scan-line represen ts the line � = 0.
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Fig.11:(u.) The view of our lab which has to b e explored. (l.) The con�dence maps of the same images

at resolution 128x120 use for the gaze con trol of the righ t camera.
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The con�dence maps are used for control the gaze direction ( 
 ; � ). In this example the

tilt angle � = 0 is hold constan t. The range of the gaze angle 
 is � 55

o

:: 50

o

. The gaze

controller selected 14 p oin ts from the four con�dence maps. The white scan line (Fig 11.

l.) is the area, where lo cal maxima are detected. The gaze of the righ t camera is directed

to each gaze p oin t ( 


i

; 0). After verging the depth Z ( 


i

; 0) is computed. The T abular

sho ws the estimated depth v alues (rounded in 0.05 m) and computed gaze directions

(rounded in 1 degree).




i

-53 -50 -42 -38 -32 -27 -21 -12 -5 5 7 15 21 43

Z 3.30 3.65 3.95 4.30 4.70 5.30 6.15 5.95 5.90 6.00 6.10 4.05 4.50 2.30

The results of depth exploration sho ws Fig.12. The depth Z ( 
 ; 0) is the radius of the

p olar �gure. The depth Z ( 
 ; 0) b etw een the gaze p oin ts ( 


i

; 0) is interp olated linear. The

results sho ws the rectangular outline of our lab. The results could b e obtain due to the

o ccurrence of go o d structure in the image. A t the righ t side the windo ws, at the fron t

side the op en cupb oards and the do or and clipb oard at the left w all have go o d structure,

so that v ergence control with Gab or �lters w as p ossible.

0

2

4

6

-90

0

90

Fig. 12: The resulting depth map Z ( 


i

; 0) of our lab. The gaze directions range from � 53 :: + 43

o

.

6.1 Conclusion

This pap er presen ted the solution of activ e depth mapping with gaze and vergence control

in real-time using a phase-based approac h. With resp ect to the giv en hardw are and time

constrain ts for the �lter design w e have �rst studied the attributes of our c hosen Gab or

�lters to explain their applicabilit y for a phase-based disparity estimation.

Later w e ha v e sho wn the computation of a disparity map of di�eren t resolution. The

results w ere v eri�ed with an underlying con�dence map. W e have dev elop ed a control of

the v ergence mo v eme n t to minimize the global disparity in the image. By using a PD-

control w e ha v e ac hiev ed a closed-lo op control which is able to realize a robust vergence

mov em en t. T o o v ercome problems with large disparities unmeasurable b y small �lters w e

had to use an activ e gaze control for absolute depth estimation of an unknown area.

The implemen tation on a pip eline pro cessor has allow ed us to achiev e a p erformance of 25

Hz clo c k rate for the v ergence control. Last w e have presented some exp erimental results

sho wing that real-time disparity and activ e depth estimation is p ossible.
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