Syn thesis of Arbitrarily Orien ted F ace Views from Tw o Images Y asuhiro MUKAIGA W A Y uic hi NAKAMURA Y uic hi OHT A Univ ersit y of Tsukuba, Institute of Information Sciences and Electronics T enno dai 1-1-1, Tsukuba, Ibaraki 305,Japan muk aiga w@image.is.tsukuba.ac.jp Abstract In this pap er, w e prop ose a metho d for syn thesizing arbitrarily oriented facial views from only t w o facial images. The metho d includes the following features: unlik e the 2-D in terp olation metho d, the views by true 3-D rotation can b e generated; unlik e the stereo, the camera parameters of the t w o input images are not necessary; although it is based on the structure-from- motion theory , the 3-D structure of a face is not ex- plicitly reconstructed. Assuming rigidity and orthographic pro jection, the 2-D co ordinates of feature p oints in an y view can b e expressed as a linear combination of those in the t w o input images. The co e�cients of the linear combi- nation are determined based on the facial orientation to b e generated. The facial image is synthesized b y adaptiv ely mapping the texture of the input images to the 2-D triangular patch mo del whose v ertices are the feature p oints. 1 In tro duction F or a v ariet y of applications, the syn thesis of arbitrar- ily orien ted facial views is imp ortan t. T exture map- ping to a 3-D facial mo del[1], that is usually a p oly- hedron with a lot of patc hes, is a p opular w a y for this purp ose. It, ho w ev er, requires the accurate measure- men t of an individual face. This requirement is infea- sible in many applications. On the other hand, 2-D interpolation metho ds[2] can b e used to synthesize in termediate facial views from t w o reference images without the 3-D shap e mo del. In this metho d, the p osition of eac h p oint on the face in a syn thesized view is estimated b y a linear in terpolation b etw een those in reference images. The adv an tage of this metho d, which do es not need 3-D in- formation, limits the range of its applicabilit y; it can not generate a view with arbitrary orien tation. T o cop e with this problem, this pap er prop oses a new metho d whic h can generate facial views with ar- bitrary orien tations by using only t w o facial images. Unlike the usual stereo case, the viewing direction of the tw o input images can b e unkno wn. Unlike the usual structure-from-motion case, the 3-D structure of the face is not explicitly reconstructed. 2 Key idea According to the structure-from-motion theory[3], the 3-D structure of an ob ject can b e reconstructed from some views taken from distinct p ositions. The recon- structed 3-D structure can b e used for the synthesis of arbitrarily oriented views. The reconstruction from images, how ev er, is usually unstable and sensitive to noise. Therefore a n um ber of studies, whic h try to stabilize the reconstruction by using a least square metho d with a large num b er of image sequences, ha v e b een made[4]. Ho w ev er, the reconstruction of 3-D structure is not necessary for the purp ose of the syn- thesis of 2-D images. In other w ords, it is su�cien t for our purp ose if w e could make 2-D images of arbitrary views directly from the 2-D input images. In this pap er, w e sho w a metho d for synthesizing ar- bitrarily oriented facial views from only t w o facial im- ages without 3-D reconstruction under the conditions of rigidity and orthographic pro jection. The prin- ciple is related to the structure-from-motion theory , which indicates that the 3-D structure can b e recon- structed from three input images. Ko enderink et al.[5] show ed that the 3-D structure can b e reconstructed from tw o images within the degree of freedom of 3- D a�ne transformation. Ullman et al.[6] pro v ed that an arbitrarily orien ted ob ject can b e recognized b y a linear combination of the 2-D co ordinates of feature p oin ts in a few images of the ob ject. They discussed ab out the application of the 2-D view mo dels to the recognition of 3-D rigid ob jects. W e apply the principle, that the 2-D co ordinates of feature p oints in an y view can b e expressed b y a linear combination of the 2-D co ordinates of feature p oin ts in a few images, to the image syn thesis and try to synthesize arbitrarily oriented facial views by the combination of t w o facial images.

3 Calculating co ordinates of feature p oin ts 3.1 Basic principle Let P b e a set of p oints in a 3-D space, and let [ x i ; y i ; z i ; 1] T b e the co ordinates of the i th p oint. P is represen ted b y a 4 � n matrix as sho wn in the follo wing. P = 2 6 6 4 x 1 x 2 � � � x n y 1 y 2 � � � y n z 1 z 2 � � � z n 1 1 � � � 1 3 7 7 5 (1) As shown in equation(2), B j represen ts a set of p oin ts whic h is a transformation b y 4 � 4 a�ne matrices R j ( j = 1 ; 2 ; : : : ; 5). B j = R j P ( j = 1 ; 2 ; � � � ; 5) (2) Let [ x j i ; y j i ; z j i ; 1] T b e the co ordinates of the i th p oin t after the a�ne transformation b y R j . B j is a 4 � n matrix as shown in equation(3). B j = 2 6 6 4 x j 1 x j 2 � � � x j n y j 1 y j 2 � � � y j n z j 1 z j 2 � � � z j n 1 1 � � � 1 3 7 7 5 = 2 6 6 4 x j y j z j 1 3 7 7 5 (3) Let x j b e the ro w v ector of B j whic h represen ts the X-co ordinates, and let r j b e the �rst row vector of R j . These v ectors satisfy the follo wing equation. x j = r j P ( j = 1 ; 2 ; � � � ; 5) (4) If r 1 through r 4 are linearly indep enden t, a set of co- e�cien ts a k ( k = 1 ; 2 ; 3 ; 4) whic h satisfy equation(5) should exist. r 5 = a 1 r 1 + a 2 r 2 + a 3 r 3 + a 4 r 4 (5) It is b ecause the dimension of r j is 4. So x 5 , which represen ts a set of the X-co ordinates transformed b y R 5 , is expressed by a linear com bination of x 1 through x 4 as shown in equation(6). In the same w a y , Y- co ordinates are expressed using the co e�cients b k ( k = 1 ; 2 ; 3 ; 4) as sho wn in equation(7). x 5 = a 1 x 1 + a 2 x 2 + a 3 x 3 + a 4 x 4 (6) y 5 = b 1 y 1 + b 2 y 2 + b 3 y 3 + b 4 y 4 (7) Therefore assuming the orthographic pro jection, the X- and Y-co ordinates on arbitrary images can b e ex- pressed as a linear com bination of four vectors whic h are linearly indep endent. No w, w e know that the ex- plicit reconstruction of 3-D structure is not necessary . Figure 1: F our b ase images 3.2 Using t w o images If w e hav e four images, the co ordinates in an y image are expressed by a linear combination of the four vec- tors ( x 1 , x 2 , x 3 , x 4 ) which are linearly indep endent. How ev er, these four vectors are not necessarily tak en from distinct four images. If there are t w o images ( B 1 , B 2 ), the four linearly indep enden t vectors can b e ob- tained easily . As sho wn in Figure 1, an image B Rotate 1 is created by rotating B 1 around the p erp endicular axis to the image plane, and another image B S hif t 1 is created by shifting B 1 on the image plane. W e call these four images ( B 1 , B 2 , B R otate 1 , B S hif t 1 ) ‘ b ase images ’. Let x 1 , x 2 , x Rotate 1 , x S hif t 1 are the v ectors, represen ting the X-co ordinates of all feature p oin ts on the b ase im- ages . If the relation of tw o images B 1 and B 2 is neither a rotation around the p erp endicular axis to the image plane nor a shift on the image plane, these four v ectors b ecome linearly indep endent. The X-co ordinates vector ^ x of another view ^ B is expressed as a linear com bination as sho wn in equation(8). Similarly the Y-co ordinates vector ^ y is expressed as shown in equation (9). ^ x = a 1 x 1 + a 2 x 2 + a 3 x Rotate 1 + a 4 x S hif t 1 (8) ^ y = b 1 y 1 + b 2 y 2 + b 3 y Rotate 1 + b 4 y S hif t 1 (9) 3.3 Determining the co e�cien ts In order to determine the co e�cien ts for the linear combination to syn thesize an image, an image called ‘ indic ator image ’ whic h sp eci�es the facial orien tation in the syn thesized image is used. A t least four fea- ture p oints hav e to b e detected on the indic ator im- age . Giv en a set of feature p oints, the co e�cien ts( a 1 through a 4 ) whic h satisfy equation(10) are calculated. ^ x 0 = a 1 x 0 1 + a 2 x 0 2 + a 3 x 0 Rotate 1 + a 4 x 0 S hif t 1 (10) The X-co ordinates v ector ^ x 0 in equation(10) is ob- tained from the feature p oin ts detected on the indi- c ator image , and four vectors x 0 1 , x 0 2 , x 0 1 Rotate and x 0 1 S hif t are the X-co ordinates of the same feature p oin ts on the four b ase images . If the n um ber of the feature p oin ts on the indic ator image is more than four, the co e�cients can b e calculated using a least square metho d. Then 2-D co ordinates of all feature p oin ts are calculated using the equations(8) and (9). 4 Syn thesizing facial image 4.1 T exture mapping In order to synthesize a facial image, a triangular patch mo del whose v ertices are the feature p oin ts is created, and textures tak en from the b ase images are mapp ed to this patch mo del. Since the texture can b e selected from the t w o facial images, there are t w o p ossible w a ys for selecting the texture: (1) Cho ose all texture from one image whose facial orien tation is closer to the syn thesized image. (2) Cho ose each texture from the image in whic h the patc h has a larger area than in the other image. In the metho d(1), the discontin uit y of texture b e- t w een neighboring patc hes do es not o ccur since all tex- tures are obtained from a same image. Ho w ev er, when w e syn thesize an image sequence whose facial direc- tions are gradually changing, the selected texture will c hange drastically at a certain orien tation of the face. In the metho d(2), the discon tin uit y of texture b et w een neigh boring patc hes o ccurs as shown in Figure 2. Although b oth metho ds ha v e disadv an tages, the metho d(2) has some go o d c haracteristics. One is that the mapp ed texture is indep enden t of the facial direc- tion b eing synthesized. Another is that the mapp ed texture will b e in go o d quality , b ecause the texture is tak en from the larger patch. Therefore, w e emplo y the metho d(2) and try to reduce the discontin uit y of the texture. 4.2 Reducing the discon tin uit y W e compare the pixel on the b oundary and reduce the discon tin uit y of texture by the follo wing tw o metho ds. � Patc h division � Intensit y revision Details are shown in the follo wing sections. 4.2.1 P atc h division Mo deling a facial surface as a set of at patches causes the texture misalignment at the patc h b oundaries, b e- cause the texture is warped indep enden tly . T o align the texture, we divide the patch as sho wn in Figure 3. The pro cess of the division is shown b elo w. Figure 2: An example of the discon tin uit y of the tex- ture 1. Pixels along the b oth sides of the b oundary are resampled to generate a pair of in tensit y pro�les. Then their edges are detected by di�eren tiation. 2. The pair of in tensit y pro�les are matc hed using dynamic programming[7]. 3. The patches are divided at eac h edge p oin t. Then they are expanded or contracted according to the corresp ondences obtained by the previous step. 4.2.2 In tensit y revision Another serious problem is the di�erent ligh ting con- ditions of the t w o b ase images . As illustrated in Figure 4, there are t w o t yp es of regions according to the im- ages B 1 or B 2 from which the texture was selected. Serious in tensit y discon tin uit y o ccurs at the b oundary of suc h t w o regions. W e reduce this discon tin uit y b y revising the intensit y . A t the b oundary , the internal pixel P i and the ex- ternal pixel P 0 i should ha v e similar intensit y . Let I ( P i ) b e the intensit y of pixel P i , and I ( P 0 i ) b e the in tensit y of pixel P 0 i . The intensit y I ( P i ) is revised according to the equations(11) and (12). I ( P i ) I ( P i ) + d P i (11) d P i = I ( P 0 i ) � I ( P i ) 2 (12) This means that eac h intensit y at the b oundary is re- placed with their mean v alue. F or the pixels inside of the region, for example Q , the intensit y I ( Q ) is revised by equation(13). I ( Q ) I ( Q ) + d Q (13)

Figure 3: Alignment of patc h b oundaries using dy- namic programming and additional division of patc hes Figure 4: Intensit y revision Here d Q is calculated as a w eigh ted summation of the d P i of all b oundary pixels as sho wn in equation(14). d Q = X i w i d P i (14) Where w i is the w eigh t in v ersely prop ortional to the distance b etw een Q and P i , and P w i = 1. By these metho ds, ev en if the lo cation of the ligh t and the solid shap e of the head are unknown, the fa- cial image can b e syn thesized without discon tin uit y of texture. 5 Exp erimen ts The input images are sho wn in Figure 5(a)(b). The 2-D co ordinates of fort y �v e feature p oints were given man ually . The fron t view shown in Figure 6(a) is given as an indic ator image in whic h 2-D co ordinates of �ve feature p oin ts (the outer corners of b oth eyes, the nose p eak, and the b oth corners of mouth) w ere detected. By using this indic ator image , the co e�cien ts for the Figure 5: Tw o input images Figure 6: Indic ator image and 2-D patch mo del linear combination w ere calculated and the 2-D tri- angular patc h mo del was created as sho wn in Figure 6(b). The results of texture mapping on to this patch mo del are shown in Figure 7. Fig.7(a) sho ws the result created b y the metho d(1) describ ed in 4.1. Fig.7(b) shows the result created b y the metho d(2). In this im- age, discon tin uit y of texture o ccurs. Fig.7(c) sho ws the result after the elimination of discon tin uit y describ ed in 4.2. Other indic ator images and syn thesized images are sho wn in Figure 8. W e can see that the arbitrarily oriented facial views can b e synthesized from only tw o images. 6 Conclusion W e hav e prop osed a metho d for the syn thesis of arbi- trarily orien ted facial views from tw o images without explicit reconstruction of the 3-D shap e. W e imple- mented this metho d and show ed its e�ectiv eness by exp erimen ts using real images. References [1] Y.Suenaga, Y.W atanab e, \A metho d for the syn- chronized acquisition of cylindrical range and color

Figure 7: Synthesized images Figure 8: Synthesis of v arious facial views (top: indic ator images sp ecifying facial orien tation, b ottom: synthesized views) data", IAPR W orkshop on MV A , T oky o, No v. (1990) [2] R.Sk erjanc, and J.Liu, \Computation of Interme- diate Views for 3DTV", Pro c. 5th W orkshop 1992 on Theoretical F oundations of Computer Vision , pp.190-201 (1992) [3] S.Ullman, \The Interpretations of Visual Motion", MIT Press, Cambridge, MA (1979) [4] C.T omasi, T.Kanade, \The F actorization Metho d for the Recov ery of Shap e and Motion from Image Streams", In Pro ceedings of Image Understanding W orkshop , pp.459-472 (1992) [5] J.J.Ko enderink, A.J.v an Do orn, \A�ne struc- ture from motion", J.Opt.So c.Am.A, V ol.8, No.2, pp.377-385 (1991) [6] S.Ullman, R.Basri, \Recognition by Linear Com- binations of Mo dels", IEEE T rans. P AMI , V ol.13, No.10, pp.992-1006 (1991) [7] Y.Oh ta, T.Kanade, \Stereo b y Intra- and Inter-Scanline Search Using Dynamic Program- ming", IEEE T rans. P AMI , V ol.7, No.2, pp.139-154 (1985)