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Camera ooperation for ahieving visualattentionRadu Horaud, David Knossow, and Markus MihaelisINRIA Rh�ne-Alpes655, avenue de l'Europe38330 Montbonnot Saint-Martin, FRANCECorresponding author: Radu HoraudRadu.Horaud�inrialpes.frfax: +33 476 615 454April 27, 2011Mahine Vision and Appliations,16(6), pp 331�342, February 2006AbstratIn this paper we address the problem of establishing a omputational model forvisual attention using ooperation between two ameras. More spei�ally we wishto maintain a visual event within the �eld of view of a rotating and zooming amerathrough the understanding and modelling of the geometri and kinemati ouplingbetween a stati amera and an ative amera. The stati amera has a wide �eld ofview thus allowing panorami surveillane at low resolution. High-resolution detailsmay be aptured by a seond amera, provided that it looks in the right diretion.We derive an algebrai formulation for the oupling between the two ameras and wespeify the pratial onditions yielding a unique solution. We desribe a method forseparating a foreground event (suh as a moving objet) from its bakground whilethe amera rotates. A set of outdoor experiments shows the two-amera system inoperation.Keywords: video surveillane, visual attention, stereo vision, amera alibration, kine-mati alibration, pan-tilt amera head.
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1 IntrodutionIn this paper we address the problem of establishing a omputational model for visualattention using ooperation between two ameras. Attention mehanisms may generally bede�ned as proesses that alloate signi�ant omputing power to one part or several partsof an image, where information relevant to the task at hand is likely to be found. Therefore,attention proesses should enapsulate both top-down and bottom-up visual proesses suhas (i) the seletion of a visual event of interest, (ii) the detetion of image features whihharaterize the seleted event, (iii) mehanisms for maintaining these features in the visual�eld of view, as well as (iv) further analysis suh as reognition and interpretation. Inpartiular, we address the problem of maintaining a visual event within the �eld of view ofa amera and the approah that we take onsists of monitoring an ative amera throughthe understanding and modelling of the oupling between an ative amera and a statiamera.Consider for example the ase of a pedestrian or a biyle rider evolving in an urbanenvironment. They may be viewed as stati objets in a single image. Nevertheless, inorder to take into aount the deformable/artiulated nature of their shape and motion aswell as their time evolution, it is ruial to observe them in videos and therefore onsiderthem as dynami objets.Traditional visual attention systems use either an ative amera, a binoular ativesystem, or several stati ameras. An ative amera may rotate, translate, and zoom-inand -out in order to maintain the objet of interest within its �eld of view and in orderto ompensate for hanges in the objet's appearane [15℄, [8℄, [6℄, [16℄. Binoular deviesuse ontrolled amera movements for gaze holding � the two optial axes interset andprodue a zero-disparity surfae [3℄, [2℄. Other systems use several stati ameras [12℄.Stati amera on�gurations have been thoroughly studied from a geometrial point ofview [9℄.Both single and multiple amera systems have advantages and disadvantages. A singleamera is simpler to operate and its motion an be easily ontrolled with motors. However,it annot aquire depth information that is useful for sene understanding. Another draw-bak is that it annot provide low and high resolution simultaneously. Multiple amerasystems have the advantage of being able to aquire potentially riher information providedthat the image registration (or orrespondene) problem is solved. Ative binoular headstry to ombine the advantages of ontrolled motions and of multiple amera geometry.In this paper we propose an innovative solution that ombines the advantages of bothstati and ative ameras and of both low- and high-resolution images. One amera is �xedand has a wide �eld of view, thus allowing surveillane of a wide area in terms of both widthand depth of its �eld of view. Therefore, the image assoiated with this amera providesa panorami view while it annot apture sene details. These sene details are apturedby another amera whih is mounted onto a motor-driven pan and tilt devie. Therefore,this amera is able to gaze in a spei� diretion with a spei�ed foal length. At thebest of our knowledge the only previous attempt to ombine stati and ative ameras forvisual attention and surveillane is desribed in [18℄. With respet to [18℄ whih desribesa general philosophy and a system arhiteture, we analyse and haraterize in detail the�ne geometri and mehanial oupling between a stati and a rotating amera.1



In pratie, the two-amera video system proeeds as follows. A sene event suhas a moving person is �rst deteted and seleted using the �rst (stati) amera. Sinethis amera is stati and its �eld of view overs the whole sene, an event will appear inits assoiated image sequene as a relatively small objet. Well understood and widelydeveloped methods (optial �ow, image di�erentiation, bakground subtration, et.) maybe used to detet an event ourring in suh a region and trak it over time. However, theresolution assoiated with this image is not su�ient to properly reognize and interpretthe event. The seond amera must be ontrolled in order to dynamially adjust its pan,tilt, and zoom suh that the moving objet remains in its �eld of view and suh that theobjet projets onto the image plane at onstant size and resolution. Ideally one wouldlike that the amera's degrees of freedom (pan, tilt, and zoom) ompensate for hangesin appearane due to both viewpoint and depth variations. One the objet of interesthas been properly �aptured� by the seond amera, the latter should be able to trak theobjet using a visual servoing loop whih ontrols the amera's rotations and zoom settings[5℄. Suh a amera system raises several interesting issues and questions from methodolog-ial, omputational, and pratial points of view. The traditional approah for ouplingtwo or several stati ameras based on projetive geometry and its assoiated algebraiand numerial tools is not su�ient. Sine one of the ameras is ative, both the ge-ometrial and the mehanial ouplings must be onsidered. Another ruial issue thatmust be addressed is the stereo orrespondene problem. With two stati ameras theorrespondene problem does not have, in general, a good pratial solution beause ofthe inherent ambiguity assoiated with image-to-image mathing. With an ative stereosystem and under the assumption that a spei� objet must be seleted and traked, theorrespondene problem beomes tratable from a omputational point of view. More-over, stereo orrespondene is required only for bootstrapping the attention mehanism.Finally, ooperation between a low-resolution traker performed with a stati amera anda high-resolution traker performed with an ative amera must be properly de�ned andmodelled.This paper has the following original ontributions. ontributions: We derive a mathe-matial expression for the two-amera oupling, where one amera is stati and the otheromera rotates, under the form of a set of polynomial equations. We show that, in the gen-eral ase, there may be several solutions for the pan and tilt angles and that these solutionsare parameterized by the a depth parameter (the depth from the stati amera to the seneevent). We onsider the speial ase where the pan and tilt rotational axes are mutuallyorthogonal. We show that with a pratial amera setup there is a unique solution forthe pan and tilt values. We desribe a pratial solution for ahieving gaze ontrol with arotating amera and for separating a moving objet from its stati bakground. One aninitial solution is found, gaze-ontrol is redued to the traking of an event in the statiimage and to the updating of the pan and tilt angle values.The remainder of this paper is organized as follows.Setion 2 desribes and analyses in detail the geometri and kinemati oupling betweena stati amera and a rotating amera. The oupling model allows the rotating amera togaze onto an event seleted in the stati amera. We analyse both the general ase and asimpli�ed pan-tilt model. We derive the number of algebrai solutions.2



Setion 3 desribes a method for dynamially separating an event (a moving objet)from its bakground by estimating the projetive mapping assoiated with a amera under-going rotational motions. We desribe a method for robustly estimating this mapping byaligning the grey-levels/olors of image pixels whih orrespond to the bakground. Thistransformation is then used for warping the previous and next frames onto the urrentframe and for deteting event pixels, i.e., with an apparent image motion that is di�erentthan the apparent bakground motion.Setion 4 provides an overview of the pratial system that is implemented together withsome implementation details: amera, stereo, and kinemati alibration, as well as depthestimation with a stati-ative amera pair. A omplete set of experiments is desribed indetail as well.Appendies A, B, and C provide a detailed desription of the kinemati model beingused to desribe the pan and tilt devie, as well as a method for alibrating the �xedparameters of this zero-referene kinemati model.2 The oupling between a stati and a rotating ameraIn this setion we onsider the geometri and kinemati aspets of the oupling between�xed and rotating ameras. From a geometri point of view, the two ameras at as astereosopi devie whih an be desribed using the epipolar onstraint within a projetivegeometry framework. From a mehanial point of view, the rotating amera is mountedon a pan and tilt mehanism whih has an assoiated kinemati struture. In order todesribe the latter we will adopt a zero-referene kinemati model.In this setion we establish the formal link between a stati amera and a rotating am-era based on the epipolar geometry (whih holds at eah time instant) and the kinematimodel assoiated with a pan and tilt mehanism. First we introdue the point reonstru-tion equations. Seond we onsider a pan and tilt kinemati model in its most generalform. Third, we analyse the ase of a simpli�ed pan and tilt model, i.e., the pan and tiltrotation axes are mutually orthogoanal.2.1 Two-amera geometryLet us denote by P1 and P2 the projetion matries assoiated with the two ameras. A3-D point M , represented in projetive spae by a 4-vetor M = (X Y Z 1)⊤, is relatedto its image projetions m1 and m2 by:
λ1m1 = P1M (1)
λ2m2 = P2M (2)The non null salars λ1 and λ2 indiate that the projetive equality is de�ned upto a sale fator. They may be interpreted as the projetive depths along the lines ofsight from the enters of projetion through the image points m1 and m2 with projetive3



oordinates m1 and m2. For pinhole ameras, the 3×4 projetion matries have thefollowing parameterization: P1 = K1

[ I 0
] (3)P2 = K2

[ R t
] (4)The 3×3 matriesK1 andK2 have the intrinsi amera parameters as entries (see belowthe expression of K2). The rotation R and the translation t desribe the orientation andposition of the seond amera with respet to the �rst amera. Without loss of generalitywe will assume that the �rst amera is alibrated, therefore matrix K1 is known. Theseond amera is alibrated as well up to its foal length f whih may or may not beknown and whih is allowed to vary. The expression of K2 is:K2 =





kf 0 uc

0 f vc

0 0 1



 =





k 0 uc

0 1 vc

0 0 1









f 0 0
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 = K′

2DfIn order to eliminate the known amera parameters from the equations we use the thesubstitutions m1 = K1n1 and m2 = K′

2n2. By ombining eq. (1) with eq. (3) we obtaina simple expression for the oordinates of M :
M =

(
λ1n1

1

)By ombining eq. (2) with eq. (4) and by substitution of M we obtain:
λ2n2 = Df (λ1Rn1 + t) (5)This is the projetive epipolar relationship between the amera oordinates n1 and n2(of m1 and m2), the foal length of the ative amera f , and the relative position andorientation of the ative amera with respet to the stati amera, t and R. With thenotation n2 = (x2 y2 1)⊤ we farther eliminate λ1 by dividing the �rst and seond vetoromponents, ()1, ()2 with the third vetor omponent, ()3:

x2 = f (λ1Rn1+t)1

(λ1Rn1+t)3

y2 = f (λ1Rn1+t)2

(λ1Rn1+t)3

(6)Without loss of generality we seek a solution whih on�gures the stereo system suhthat the sene point M is viewed in the enter of the image assoiated with the ativeamera: n2 = (0 0 1)⊤. The equations above beome:
(λ1Rn1 + t)1 = 0
(λ1Rn1 + t)2 = 0

(7)
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Problem formulation. Given a 3-D point M whih is observed in the stati amera'simage at m1 with amera oordinates n1, we want to �nd the position and orientation ofthe ative amera suh that M projets onto the ative amera's image enter.In order to solve this problem we must parameterize the rotations and translations ofthe ative amera as a funtion of (i) the relative position of the ative amera with respetto the stati amera and of (ii) the kinemati model assoiated with the ative amera's panand tilt mehanism. Therefore we must establish the link between the epipolar geometryonstraint and the kinemati model onstrains. We will adopt the zero-referene kinematimodel for the pan-tilt devie. This model allows the user to selet a zero-referene or adoking referene for the kinemati hain. We solve for a general pan-tilt kinemati modeland we develop a lose-form solution for a simpli�ed pan-tilt model. The existene of aunique solution allows to safely apply numerial methods to the general ase.We denote by T the 4×4 homogeneous matrix:T =

[ R t

0⊤ 1

] (8)We also denote by T0 the doking or referene position of the ative amera. From apratial point of view and for stereo alibration purposes, this referene position is hosensuh that the two ameras have a ommon �eld of view. Let Q desribe the rigid andonstrained motion undergone by the ative amera from its doking position to a urrentposition. From Figure 1 one an notie that the following relationship holds:T = QT0 (9)Insert Figure 1 approximatively here2.2 General pan-tilt modelMatries Q and T0 have the same mathematial struture although the former desribesa kinematially onstrained motion while the latter desribes a stati relationship betweentwo Cartesian frames. Matrix Q desribes the motion undergone by a pan and tilt meha-nism. In order to desribe suh a mehanism we will adopt the well known zero-referenekinemati model. The latter is desribed in many textbooks suh as [13, 17, 14℄. In itsmost general form this motion an be deomposed as follows (see appendix A):Q = Q2(α, α0)Q1(β, β0, α0) (10)where Q1 and Q2 are one-dimensional Lie groups eah one desribing a rotation: α and βare the pan and tilt angles parameterizing these motions with α0 and β0 being the pan andtilt values assoiated with the zero-referene position. Eah one of these transformationsan be written as:Q1 =

[ R1 t1

0⊤ 1

]

= I4×4 + sin(β − β0)Q̂1 + (1 − cos(β − β0))Q̂
2
1 (11)5



Matrix Q̂1 desribes the tangent operator assoiated with the rigid motion; It is om-posed of a skew-symmetri matrix R̂1 and a translational veloity vetor t̂1 and writesas:
Q̂1 =

[

R̂1 t̂1

0⊤ 0

] (12)It is worthwhile to notie that Q−1
1 ((β − β0)) = Q1(−(β − β0)) and from equation (11)we obtain that the tangent operator may be estimated from a single motion:trae (Q1) = 2 (1 + cos(β − β0)) (13)and:

Q̂1 =
1

2 sin(β − β0)

(Q1 −Q−1
1

) (14)By substituting eq. (12) into eq. (11) we obtain:R1 = I3×3 + sin(β − β0)R̂1 + (1 − cos(β − β0))R̂
2
1 (15)

t1 = sin(β − β0)t̂1 + (1 − cos(β − β0))R̂1t̂1 (16)There is a similar expression for Q2. Equation (9) may be written as:R = R2R1R0 (17)
t = R2R1t0 +R2t1 + t2 (18)Eq. (7) beomes (the subsripts ()1 and ()2 denote the �rst and seond vetor ompo-nents):

(λ1R2R1R0n1 +R2R1t0 +R2t1 + t2)1 = 0
(λ1R2R1R0n1 +R2R1t0 +R2t1 + t2)2 = 0

(19)This a set of of two equations with three unknowns: α, β, and λ1. We reall thatwe want to determine the pan and tilt angles suh that the event deteted at position
m1 in the �rst image (with amera oordinates n1) appears at position m2 (with ameraoordinates (0 0)) in the seond image. The unknown λ1 is the depth of the observed senepoint with respet to the �xed amera. In order to be able to �nd a solution for the panand tilt angles we must speify this depth. The pratial method for estimating the latteris desribed in detail in setion 4.2. From now on we will assume that λ1 is known.In pratie it will be more onvenient to onsider the initial set of three equations, i.e.,eq. (5). By substituting equations (17), (18) into this equation and with p = λ1R0n1 + t0we obtain: R1p + t1 +R⊤

2 t2 = R⊤

2





0
0
λ2



 (20)Vetor p denotes the oordinates of the observed 3-D point M in the zero-refereneamera frame � the doking position of the ative amera. From the equations above it an6



be observed that R1, t1, R2, and t2 are parameterized by the known tangent operators (seeappendix C) and by the three unknowns � the pan and tilt angles and the depth parameter
λ2. Therefore we obtain three equations in cos(β−β0), sin(β−β0), cos(α−α0), sin(α−α0),and λ = λ2. With the following standard substitutions:

sin(α − α0) =
2 tan (α−α0)

2

1 + tan2 (α−α0)
2

=
2tα

1 + t2α

cos(α − α0) =
1 − tan2 (α−α0)

2

1 + tan2 (α−α0)
2

=
1 − t2α
1 + t2αwe obtain three polynomial equations in three unknowns: tα, tβ, and λ. It is possibleto eliminate λ as an unknown between the seond and third equations, at the prie ofinreasing the degree of the resulting polynomials. In the general ase it will be di�ultto analyse the number of admissible solutions of suh a set of polynomials [4℄. Althoughin pratie these polynomials will be solved using numerial methods, suh as the Newtonmethod for �nding roots of sets of polynomials, it is ruial to be able to state in advanethe exat number of pratial solutions.We denote these sets of solutions by (α(i), β(i), λ(i)). They are in the intervals [α0 −

π, α0 + π], [β0 − π, β0 + π] and we must have λ > 0. So far we onsidered the most generalase. We analyse in detail a simpli�ed pan-tilt devie and we show that in this ase thereis a unique solution. We onlude that the general ase also admits a unique solution.2.3 Simpli�ed pan and tilt modelIn the ase where the pan and tilt axes are mutually orthogonal the kinemati model ofthe devie is simpli�ed, as desribed in appendix B. This simpler kinemati model allowsan algebrai analysis of the number of solutions assoiated with the inverse kinematisof the pan and tilt amera. Moreover and for the sake of this analysis, one may hoose
α0 = β0 = 0. The matries beome:Q1 =







cos β 0 sin β t11
0 1 0 t12

− sin β 0 cos β t13
0 0 0 1







(21)
Q2 =
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(22)It follows that eq. (20) beomes:
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whih yields the following equations in tan β

2
= tβ , tan α

2
= tα, and λ = λ2:

(t11 + t21 − p1) t2β + 2p3 tβ + (t11 + t21 + p1) = 0

(t12 − t22 + p2) t2α + 2(t23 − λ) tα + (t12 + t22 + p2) = 0

(1 + t2α)((t13 − p3) t2β − 2p1 tβ + p3 + t13) +

(1 + t2β)((λ − t23) t2α − 2t22 tα − (λ − t23)) = 0The �rst equation has two real solutions for tβ. Indeed, its disriminant is: ∆ =
(p3)

2 + (p1)
2 − (t11 + t21)

2. Obviously the oordinates of vetor p have larger values than
t11 + t21. We reall that vetor p represents the oordinates of the observed point M in thezero-referene amera frame. Therefore ∆ > 0 and there are two solutions for β in theinterval [−π, π]. Only one of these solutions an be ahieved in pratie, i.e., when theobserved point lies in front of the amera. To onlude, the �rst equation always admitstwo solutions and only one solution is ahievable in pratie.The seond equation has two real solutions for tα as well. Indeed its disriminant is:
∆ = (t23 − λ)2 − (p2)

2 + (t22 − t12)
2. Reall that λ represents the depth from the amera tothe observed point and in pratial on�gurations λ >> t23 and λ >> p2. Therefore thisequation admits two solutions as well and with the same reasoning as above we onludethat only one solution is ahievable in pratie.3 Event/bakground separationIn the previous setion we desribed the geometri and mehanial oupling allowing theative amera to rotate suh that an event deteted and traked with the stati ameramay be visualized at a higher resolution. In order to be able to analyse this event in moredetail, one must properly isolate it from the bakground.In the past, event bakground separation has been mainly addressed with stati am-eras. When a amera moves, the problem is more di�ult beause one has to distinguishbetween amera motion (egomotion) and event motion. Nevertheless, whenever the ameraundergoes a pure rotational motion, i.e., when the enter of projetion lies onto the axisof rotation, it is possible to separate egomotion from event motion by assuming that thebakground pixels are transformed from one image to another by a 2-D projetive mapping,[10℄.The motion of the pan and tilt amera is desribed by eq. (10). In general, this doesnot guarantee that the amera undergoes a pure rotation around its enter of projetionbeause of the mehanial o�sets. In pratie the latters are small ompared to the distanefrom the amera to the bakground and therefore the bakground may well be viewed asa plane at in�nity, [10℄.Let mt−1

2 and mt
2 desribe the homogeneous oordinates of an image point at times

t− 1 and t. The subsript 2 indiates that we deal with the ative amera. One an applyequations (3) and (4) to the ative amera and assume that the translational part of themotion is null. We obtain the following well known formula for ameras undergoing purerotation:
mt

2 = K2Rt,t−1
2 Rt,t−1

1 K−1
2 mt−1

2 (23)8



where Rt,t−1
2 Rt,t−1

1 models the rotation of the ative amera. We denote this mapping by:Ht,t−1 = K2Rt,t−1
2 Rt,t−1

1 K−1
2 (24)and the problem is to estimate the 3×3 matries H as the amera rotates.The relationship between mt−1

2 and mt
2 above is valid for stati sene points. In the pastthis was used in ombination with an outlier rejetion tehnique in order to segment theimage into two layers: a stati layer orresponding to a stati bakground and a dynamilayer orresponding to moving objets � a foreground. However, suh a strategy is generallybased on robust statistial methods applied to a single rotating amera.With the two-amera on�guration being used here, the segmentation algorithm isgreatly simpli�ed. Indeed, moving objets are deteted as events in the image assoiatedwith the stati amera. The amera oupling allows to predit the main event underinvestigation, to plae the seond amera, and to adjust its settings, suh that this event isentered with respet to the ative amera oordinate frame. Therefore, a major advantageassoiated with this two-amera on�guration is that a robust statistial method is notrequired. This is best shown on Figure 2.Insert Figure 2 approximatively hereThe separation between an event and its bakground is therefore based on (i) aligningthe images based on the stati bakground and (ii) on omparing them, pixel by pixel. Theevent detetion, performed with the low-resolution stati image, bootstraps this proess.From now on we onsider the images assoiated with the ative amera and we assumethat these images are segmented into two regions: foreground F and bakground B. Inorder to �nd the homography whih aligns the bakgrounds between times t and t− 1, thefollowing error must be minimized (for the sake of simpliity we drop the subsript 2):

Emin = min
hi

∑

m∈B

‖It−1(Ψ(mt−1)) − It(Ψ(Ht,t−1mt−1))‖2 (25)The funtion Ψ() denotes the non linear mapping from homogeneous to Eulidean oordi-nates of m, Ψ(m1, m2, m3) = (m1/m3, m2/m3)
⊤. Various methods were developed in thepast for solving this non-linear minimization problem [11℄, [21℄, [1℄.One suh a homography is estimated, it optimally aligns the bakgrounds. The statis-tis assoiated with the atual minimization result (Emin) allows one to assoiate a prob-ability of bakground with eah pixel. These statistis an be improved if a bakgroundimage is inrementally built as is done in [1℄. Eventually one may use a deision rule inorder to deide whether a pixel belongs to the bakground or to the foreground [7℄. Inpratie suh an approah will not perform as well as expeted simply beause bakgroundand foreground image regions may have similar grey-level or olor values.Therefore, to further re�ne the foreground area we proeed by pixel-to-pixel omparisonbetween three images at times t − 2, t − 1, and t. The di�erene between two pixelsorresponding to two aligned images writes:

Dt,t−1(Ψ(mt−1)) =
(
It−1(Ψ(mt−1)) − It(Ψ(Ht,t−1mt−1))

)2 (26)9



There is a similar expression forDt−1,t−2(Ψ(mt−2)) where the mappingmt−1 = Ht−1,t−2mt−2holds for the bakground. As already mentioned, statistis assoiated with the minimiza-tion of eq.(25) allows the estimation of a threshold s suh that the following simple deisionrule is used: A pixel mt belongs to the foreground if:
Dt,t−1(Ψ(mt−1)) ≥ s and Dt−1,t−2(Ψ(mt−2)) ≥ s4 Methodology, implementation, and experimentsHigh-quality pan-tilt ameras available today an ahieve a preision of about 0.050 in panand tilt. The preision to be reahed in pratie, using a alibrated amera setup suh asthe one desribed in this setion, is of the order of 0.10. Consider for example a �eld ofview with an aperture angle of about 20. At 100 meters the width of the �eld of view is3.5 meters and therefore the preision is of the order of 0.2 meters. This is su�ient togaze and zoom onto a football player, onto a biyle, onto a pedestrian, or onto a ar in atypial tra� senario. This overall preision � 0.10 � an be ahieved only if the systemis properly alibrated.Another important ingredient of suh a two-amera devie is the ontrol of the ativeamera suh that it ontinuously looks towards the objet of interest and maintains itsgaze suh that this objet appears nearby its image enter, even if the objet's appearanehanges, if its depth hanges, and/or if the objet is partially oluded. This proessrequires three steps: o�-line alibration, initialization and gaze ontrol.The two-amera visual attention system, proeeds as follows:

• O�-line alibration: see setion 4.1.
• Initialization:� A sene objet is deteted and traked over time (automatially, semi-automatially,or manually) using the stati amera;� The ative amera rotates suh that this sene objet falls within its �eld ofview and the depth of this sene objet is estimated, i.e., setion 4.2;� Pan and tilt values are estimated from srath by solving a set of three polyno-mials assoiated with the inverse kinematis of the pan-and-tilt devie and theative amera is rotated aordingly;
• Gaze ontrol:� The pan and tilt angle values estimated at time t− 1 are used as initial guessesto �nd their values at time t. Notie that the depth information is maintainedonstant and the onsequenes of this hoie are explained below.� Images at times t− 1, t, and t + 1 are used to separate the moving objet fromthe bakground.Notie that during the gaze-ontrol stage of the algorithm the depth assoiated withthe sene objet is not updated: Instead, its previously estimated value (during the initial-ization stage) is used. As a onsequene, the objet will not appear at the image enter ofthe ative amera as its depth varies over time.10



4.1 Calibration of the two-amera devieThe amera ooperation method desribed in this paper e�etively works in pratie onlyon the premises that the geometri and kinemati parameters of the two amera devie areproperly estimated. This is performed by the following steps:1. Intrinsi amera alibration. The intrinsi parameters of both ameras, i.e., K1 andK2 in eqs. (3), (4), are alibrated using a lassial amera alibration proess asdesribed in detail in [19℄.2. Stereo alibration. When the ative amera is in its doking or zero-referene position,the two ameras may be viewed as a standard stereosopi pair haraterized eitherby the rotation and translation between the two amera frames (stereo alibration)or by the epipolar geometry (weak stereo alibration). The method desribed in[20℄ allows for an aurate stereo alibration by moving a 3-D pattern in front ofthe ameras. Eventually, the matrix R0 and the vetor t0 haraterizing the amerasetup in its doking position are evaluated.3. Kinemati alibration. The ative amera is mounted onto a pan and tilt devie � twooupled rotational motions. Kinemati alibration onsists in estimating the tangentoperators assoiated with these onstrained motions, i.e., Q̂1 in eq. (11). The pan-tilt kinemati model is formally desribed in appendix A. The kinemati alibrationproedure is desribed in detail in appendix C.4.2 Depth estimationThe method desribed in setions 2.2 and 2.3 returns a unique set of values for the panand tilt angles provided that an estimation of the depth from the stati amera to a seneobjet is available, λ1. In this setion we desribe a pratial tehnique for estimating thedepth to a sene objet. This involves the following steps:1. Detet this objet in the stati image and loate its enter, say m1;2. Control the ative amera suh that it looks in the right diretion and therefore theepipolar line assoiated with m1 is visible in its image, and3. Searh along this epipolar line in order to �nd the best math of m1, say m2, andestimate the depth to the sene objet.Let us suppose that this objet is deteted and loated in the �xed image and let m1with amera oordinates n1 be the image of its enter. The sene objet lies somewherealong the line of sight assoiated with this image point, i.e., Figure 3.Insert Figure 3 approximatively here
11



Let λmin and λmax be the minimum and maximum expeted depth values along thisline of sight suh that λmin ≤ λ1 ≤ λmax. We assoiate two points with these depth values,
Mmin and Mmax. They projet onto the ative amera's image plane at mmin and mmax.These image-plane points lie on the epipolar line assoiated with m1. We seek a position,an orientation, and a foal length for the ative amera suh that the epipolar line-segmentbetween mmin and mmax is atually visible in the image.We onstrain this epipolar line-segment to be a horizontal image line passing throughthe image enter, i.e., the oordinates of mmin and mmax verify: nmin = (c, 0, 1)⊤ and
nmax = (−c, 0, 1)⊤, where 2c orresponds to the image width. The image oordinates ofthese points verify eq. (6):

c = f (λminRn1+t)1

(λminRn1+t)3
0 = f (λminRn1+t)2

(λminRn1+t)3

−c = f (λmaxRn1+t)1

(λmaxRn1+t)3
0 = f (λmaxRn1+t)2

(λmaxRn1+t)3In order to solve these equations and estimate R, t, and f , we reall that the rotationmatrix and the translation vetor an be parameterized by the pan and tilt angles α, βand by the stereo alibration parameters R0 and t0, e.g., eqs (17) and (18). Nevertheless,this parameterization does not allow proper alignment beause the ative amera annotrotate around its optial axis. For this reason we introdue a third rotation allowing avirtual rotation of the ative amera around its z-axis, R3(γ).Therefore, there are four equations in four unknowns, f , α, β, and γ. A solution anbe found using the Newton's method for solving a set of polynomials. Notie that for eahpoint-to-point orrespondene and for a given depth value, there is a unique solution in
α and β. Hene, one an use the known triplets n1, nmin, λmin and n1, nmax, λmax to �ndinitial values for the pan and tilt angles and guarantee that the ative amera gazes in theright diretion.The ative amera is ontrolled to zoom and rotate in order to reah the solution foundabove, up to a rotation γ around its optial axis. Eventually, standard stereo tehniquesare applied in order to �nd the best math along the epipolar line and to estimate thedepth to the sene objet.4.3 ExperimentsA full set of experiments is summarized through Figures 4, 5, 6, 7, 8, and 9. The stereo-baseline between the stati and ative ameras is of the order of 1 meter. The amerasobserve an outdoor environment. The frames whih are shown orrespond to 8 samplesout of a 550-frame image sequene.In the �rst example (�gures 4, 5, 6) the objet of interest is a pedestrian. During theinitialization phase, this objet is �rst deteted in the image assoiated with the statiamera. Given minimum and maximum depth estimates (from the stati amera to thatperson), the ative amera rotates and zooms suh that the person falls within its �eld ofview. Sine the amera ouple is alibrated, it is possible to predit an epipolar line, tosearh for a math along this line, and to estimate the depth from the pedestrian to thestati amera. 12



Insert Figure 4 approximatively hereInsert Figure 5 approximatively hereInsert Figure 6 approximatively hereThe pan and tilt values allowing to plae the person's enter of gravity at the imageenter are estimated and the ative amera's mehanism is ontrolled to atually plaethe person in its enter. A region of interest is de�ned around the moving objet. Notiehowever that the pedestrian is not displayed at the image enter. This is beause there isan error in the depth estimate. The pan and tilt values are omputed based on a depthestimation that is di�erent than the true depth value.It is worthwhile to notie the behaviour of the system in the presene of olusionsand of missing data. The pedestrian is �rst oluded by a ar, then appears and thenwalks outside the �eld of view of the amera, turns, and omes bak. Instead of thesedisturbanes the gaze of the ative amera is orretly ontrolled. Whenever the objetdisappears from the �eld of view of the stati amera, the ative amera traks the movingobjet using the event/bakground separation method outlined above.In the seond example (�gures 7, 8, 9) the objet of interest is a biyle rider. Notiethat the objet is properly traked in spite of partial olusions by surrounding objets. Inorder to assess the quality of homography estimation between onseutive images in thesequene, we removed the foreground pixels and built a �foreground� image sequene, asshown in Figure 9. Insert Figure 7 approximatively hereInsert Figure 8 approximatively hereInsert Figure 9 approximatively hereFrom a more pratial point of view, the size of the images is 640×480. The foal lengthof the stati amera is of 500 pixels. Event/bakground separation operates on 320×240images. The whole two-amera system runs at 10 frames per seond on a 1.7GHz proessor.5 ConlusionIn this paper we addressed the problem of oupling two ameras in order to ahieve visualattention � ontrolling a amera to gaze in a seleted diretion. The �rst amera is statiand it has a wide �eld of view. Therefore it is able to apture, at low resolution, suhevents as moving objets. The seond amera is mounted onto a rotating devie with twodegrees of freedom. Moreover it has a narrow �eld of view � of the order of 2 degrees.Therefore it is able to provide a high-resolution image of a sene objet, provided that thelatter falls within its �eld of view.We analyzed in detail the geometri and kinemati oupling between a stati ameraand a rotating amera. We derived a solution for this oupling both for a general kinematimehanism and for a simpler pan-tilt model. We showed that under the pratial setupthat we used, there is a unique solution allowing to rotate the amera suh that it gazestowards an objet sene. This solution is parameterized by a depth parameter (the distane13



from the stati amera to the objet) and we desribed a pratial solution to estimate thisdepth.One the objet of interest lies along the ative amera's optial enter a gaze-ontrolloop is ativated in order to estimate the amera's rotational degrees of freedom. Moreover,the system is able to use event detetion (performed with the stati amera) in order tofailitate event/bakground segmentation performed with a rotating amera.The amera ooperation priniple developed in this paper ould easily be generalizedto several rotating ameras. Therefore, multiple moving objets deteted with the statiamera ould be handled separately by multiple rotating ameras.The vast majority of visual surveillane and visual attention systems use a single am-era. Cooperation between stati and ative ameras is an essential step forward allowingto rapidly analyse an event at low resolution, and to swith to high resolution if furtherreognition and interpretation steps are neessary.A The pan-tilt kinemati modelIn this appendix we formally de�ne the rotational mehanism assoiated with the ativeamera. First we onsider the most general kinemati model. We adopt the zero-referenekinemati representation. The angle assoiated with the �tilt� rotation is denoted by β.The angle assoiated with the �pan� rotation is denoted by α. The kinemati hain isomposed of �ve Eulidean frames and four rigid transformations between these frames,see Figure 10: Insert Figure 10 approximatively here
• Frame #5 is attahed to a �xture, it is equivalent to the �base� of the devie;
• Frame #4 is a moving frame rotating around frame #5; This tilt rotation is denotedby T1 whih is a 4×4 homogeneous matrix denoting a rigid transformation;
• Frame #3 is rigidly attahed to frame #4 through the �xed transformation L1;
• Frame #2 is a moving frame rotating around frame #3; This pan rotation is denotedby T2;
• Frame #1, or the amera frame, is rigidly attahed to frame #2 through the �xedtransformation L2The oordinates of the physial point M (observed by the amera) an be written inamera oordinates, M (1), as well as in �xture oordinates, M (5). Obviously we have:

M (1)(α, β) = L2T2(α)L1T1(β)M (5) (27)The same formula holds for a doking position whih is referred to as the zero-refereneand whih is haraterized by �xed values for the two angles:
M (1)(α0, β0) = L2T2(α0)L1T1(β0)M

(5) (28)14



Revised paragraphBy eliminating M (5) in between these two equations and by properly adding some dummytransformations, we obtain:
M (1)(α, β) = L2T2(α)T−1

2 (α0)L−1
2 L2T2(α0)L1T1(β)T−1

1 (β0)L−1
1 T−1

2 (α0)L−1
2 M (1)(α0, β0)

= L2T2(α − α0)L−1
2

︸ ︷︷ ︸Q
2

L2T2(α0)L1T1(β − β0)L−1
1 T2(−α0)L−1

2
︸ ︷︷ ︸Q

1

M (1)(α0, β0)This is the zero-referene kinemati model of the ative amera, i.e., eq. (10):
M (1)(α, β) = Q2(α, α0)Q1(β, β0, α0)M

(1)(α0, β0) (29)The referene frames have been appropriately de�ned suh that (without loss of gen-erality) the transformations T1 and T2 an be written in a anonial form, i.e., rotationaround the loal z-axis: T1(β) =







cos β − sin β 0 0
sin β cos β 0 0

0 0 1 0
0 0 0 1







(30)These matries form a one-dimensional Lie group with T−1
1 (β) = T1(−β). Therefore, fromthe equations above we obtain the following expressions for Q2 and Q1:Q2(α, α0) = L2T2(α − α0)L−1

2 (31)Q1(β, β0, α0) = L2T2(α0)L1
︸ ︷︷ ︸U1

T1(β − β0)L−1
1 T−1

2 (α0)L−1
2

︸ ︷︷ ︸U−1

1

(32)Sine matries Qi and Ti are related by similarity transformations, it follows that both Q1and Q2 form one-dimensional Lie groups as well. It is well known, [13℄, that these groupsan be parameterized using their Lie algebra and their angle of rotation, i.e., eq. (11).B Simple pan-tilt modelIn the ase of a simpli�ed model it is assumed that the pan and tilt axes are mutuallyperpendiular. In this ase, matries L1 and L2 (see appendix A and Figure 10) are puretranslational o�sets: L1 =







0 0 1 l11
1 0 0 l12
0 1 0 l13
0 0 0 1







(33)
L2 =







0 0 1 l21
1 0 0 l22
0 1 0 l23
0 0 0 1







(34)15



We obtain: Q2 =







1 0 0 t21
0 cos(α − α0) − sin(α − α0) t22
0 sin(α − α0) cos(α − α0) t23
0 0 0 1







(35)
Q1 = U1







cos(β − β0) − sin(β − β0) 0 0
sin(β − β0) cos(β − β0) 0 0

0 0 1 0
0 0 0 1






U−1

1 (36)with: U1 =







0 1 0 l13 + l21
− sin α0 0 cos α0 l11 cos α0 − l12 sin α0 + l22
cos α0 0 sin α0 l11 sin α0 + l12 cos α0 + l23

0 0 0 1





C Kinemati alibrationKinemati alibration onsists in estimating the Lie algebras assoiated with the matriesQ1 and Q2 formally de�ned in appendix A. Eah one of these matries form a one-parameter Lie group suh that Q1(β1)Q1(β2) = Q1(β1 + β2). Moreover, one a refereneframe is being hosen, the tangent operator (or the Lie algebra) remains �xed. Therefore,the kinemati alibration proess onsists in �nding a numerial estimate of Q̂1 and of Q̂2,i.e., eq. (14). For that purpose we onsider again eq. (29). Notie that the transformationfrom position α1, β1 to position α2, β2 writes:Qα1→α2,β1→β2

= Q2(α2)Q1(β2 − β1)Q2(α1)Let the pan-tilt devie perform two one-parameter motions: a motion from α1 to α2 andanother motion from β1 to β2. From the equation above we obtain:Q2(α2 − α1) = Qα1→α2,β1
(37)Q1(β2 − β1) = Q2(−α1)Qα1,β1→β2

Q2(α1) (38)In pratie the kinemati alibration proeeds as follows:Step 1: Move the devie in the α1, β1 position;Step 2: Using amera alibration tools, estimate the external amera parameters, i.e., theposition and orientation of the amera frame with respet to a alibration �xtureexpressed as a rigid transformation T(α1, β1);Step 3: Move the devie in the α2, β1 position;Step 4: Repeat Step 2 for this position and estimate T(α2, β1);Step 5: Move the devie in the α1, β2 position;16



Step 6: Repeat Step 2 for this position and estimate T(α1, β2);Step 7: Compute Qα1→α2,β1
= T(α2, β1)T(α1, β1)

−1;Step 8: Compute Q̂2 from Q2(α2 − α1) using eq. (14);Step 9: Compute Qα1,β1→β2
= T(α1, β2)T(α1, β1)

−1;Step 10: Compute Q2(α1), Q2(−α1), and Q1(β2 − β1), andStep 11: Compute Q̂1 from Q2(β2 − β1) using eq. (14);Referenes[1℄ A. Bartoli, N. Dalal, and R. Horaud. Motion panoramas. Computer Animation andVirtual Worlds, 15(6):501�517, November 2004.[2℄ J. Batista, P. Peixoto, and H. Araujo. Real-time ative visual surveillane by integrat-ing peripheral motion detetion with foveated traking. In IEEE Workshop on VisualSurveillane, Mumbai, India, 1998.[3℄ D. Coombs and C. Brown. Real-time binoular smooth pursuit. International Journalof Computer Vision, 11(2):147�164, Otober 1993.[4℄ D. Cox, J. Little, and D. O'Shea. Using Algebrai Geometry. Springer, 1998.[5℄ A. Crétual and F. Chaumette. Appliation of motion-based visual servoing to targettraking. Int. Journal of Robotis Researh, 20(11):878�890, November 2001.[6℄ K. Daniilidis, C. Krauss, M. Hansen, and G. Sommer. Real time traking of movingobjets with an ative amera. Real Time Imaging, 4(1):3�20, February 1998.[7℄ F. Dufaux and F. Mosheni. Bakground mosaiking for low bit rate video oding.In Proeedings IEEE International Conferene on Image Proessing, volume 1, pages673�676, Lausanne, Switzerland, September 1996.[8℄ J. A. Fayman, O. Sudarsky, E. Rivlin, and Rudzsky. M. Zoom traking and itsappliations. Mahine Vision and Appliations, 13(1):25�37, August 2001.[9℄ R. Hartley and A. Zisserman. Multiple View Geometry in Computer Vision. Cam-bridge University Press, Cambridge, UK, 2000.[10℄ R. I. Hartley. Self-alibration from multiple views with a rotating amera. In Pro.Third European Conferene on Computer Vision, pages 471�478, Stokholm, Sweden,May 1994.[11℄ M. Irani and P. Anandan. About diret methods. In B. Triggs, A. Zisserman, andR. Szeliski, editors, Vision Algorithms: Theory and Pratie, number 1883 in LNCS,pages 267�277, Corfu, Greee, July 1999. Springer-Verlag.17
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Figure 2: The oupling between the ameras allows one to assoiate foreground and bak-ground regions with the ative amera's image. The event, whih is predited in the statiamera at low resolution, must lie in the foreground region assoiated with the ativeamera's image sequene.
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Figure 4: This �gures shows 8 frames out of a 550-frame image sequene available withthe stati amera. The seond frame shows the trajetory of the moving person.

Figure 5: The output of the ative amera after gaze ontrol.

Figure 6: The foreground pixels extrated from the sequene shown above.21



Figure 7: A seond example showing 8 frames assoiated with the ative amera.

Figure 8: The result of foreground detetion applied to the seond example

Figure 9: The foreground pixels were removed from the image sequene and replaed bybakground using the image-to-image homographies.22
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Figure 10: This �gure shows a general pan-tilt mehanial model whih attahes a amera(frame #1) to a rigid �xture (frame #5). Estimating the pan and tilt angles suh that agiven sene point appears at the image enter is a non-trivial inverse kinemati problem.
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