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Pose coupling with eye movement tracking 3

Introduction

We consider face analysis from a video sequence as a function of the general pose of the face on the
sequence, the illumination conditions under which the video is recorded and the face expression
movements. Pixel changes over the analyzed image may come from any evolution at the lighting, head
pose or head expression. Previous works present how we study the pose of the person in front of the camera
regardless of the lighting conditions [SV99]. Head pose motion involves 'rigid' movements where the
whole head can be taken as a complete unit. Expression movements involved 'elastic' model behavior in
particular zones of the face, features, like eyes, mouth and eyebrows. These features are difficult to analyze
as a unit and generally expression motion is studied feature by feature.

Most feature expression analysis algorithms are well defined only for a front or near-to-front position. This
front position ensures the maximum area of information about the eye area with minimum distortions. In
general, this area of information is enough as long as the head pose does not rotate more than 10 degrees on
the Y-, Z- axis and 5 on the X-axis, partially losing precision. For instance, the algorithm is independent of
translations (#y ty, ¢7) while the head remains in the camera vision field. The areas occupied by the feature
and its appearance changes with the head pose.

Our eye-state algorithm [AVDO01], based on the search of the minimum energy of the eye on a studied
Region of Interest (ROI), proves to be very sensitive on how this region is defined. The space sampling of
the ROI, which will provide us the determination of the possible state of the eye (UP-DOWN, LEFT-
CENTER-RIGHT) goes along with the perfect definition of the analysis area. When dealing with the
complete freedom of pose movement applied to the eyes, this first approach seems 'a priori' not strong
enough. By keeping the same basis, control of illumination information, search for the minimum energy of
the area and sampling of the ROI, we can reformulate the algorithm to fit it in a 3D space. Using the
information provided by the pose prediction, we can foresee the evolution of the area and the feature over
the video frame. Then, we extract the visual information from the useful ROI. Finally, we transform the
visual information into 3D information by utilizing the knowledge of the transformation that the head pose
implies on the eye area.
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How the complete algorithm works

In an initialization step there has to be a very good determination of the ROI, since the measures for
the state sampling are based on it. The chosen points that determined the ROI will need to be also
known in the 3D synthesis. (NOTE: This is the first step where the clone is synthesized, with no
expression, just after having searched the face on the video image)

From the general lighting study we deduce the need for some light preprocessing. For instance,
simulation of eye shadows due to a very bright frontal lighting.

We only need one information band for the algorithm; with no other information that would be the
Intensity component from the HSI. A preliminary test recognizing the color of the eyes of the user
could help to take one of the band from RGB. If complete skin information were wanted (in case we
search to add a backup in the form of skin tracking) then the R band would be preferred. In any case,
this is only an implementation choice and has not shown dramatic changes in terms of the final results.

The area, which is tracked, is always a rectangle whose only requirement is to be as tangent to the eye
as possible and to contain the eye: larger and proportional to the eye dimensions, and adaptive along
the time depending on the pose.

We work under the assumption that movement between consecutive frames is smooth.

We assume that both eyes have the same behavior. We define the eye states based on the possible
coherent combinations. Misleading results are treated deducing the states from precedent results.
[AVDO1]

To adapt the parameters of the analysis algorithm areas in the ROI, we will use the parameters of the
general pose being tracked (¢x ty t @, B, 7). We will deduce the situation of the minimal energy point
in the well known sampled ROI, in the position of maximal information (¢ = = y= 0, and ty = ty =
tz=0). Defining the ROI in 3D we should avoid the projection dependence and the influence of the
angles.

Figure 1 shows the general scheme that the algorithm follows.
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Figure 1. Complete diagram of the head pose and expression analysis for
our teleconference system
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2. ROI definition and model of the eye for the gaze analysis

Definition of the Region of Interest

For our algorithm the control of the area we are analyzing over the video frame is very important. The
definition of a well-established Region Of Interest (ROI) has two major purposes. On the one hand, we
want to extract the maximum amount of information of the eye feature from the video frame by optimizing
the area to analyze (so computation can be minimized). On the other hand, we want to have the possibility
of foreseeing the relevance of the information we would take from the feature before we even start
analyzing it. The ROI should be adapted as much as possible to the eye; we just analyze the information we
are interested in, with no interference. The projection of the eye of the user on the screen could be so small
that its analysis would not give meaningful information. Thanks to the pose parameter (¢ ty ¢tz &, 5, )
prediction given by the Kalman filter, we can decide whether it is useful to analyze this feature on the video
plane or not. We can also provide feedback to the user warning him about the upcoming impossibility of
tracking its expressions in such conditions.

We obtain the maximum information regarding the eye state in a frontal position (neutral position of the
clone). Based on the appearance of the eye in such a position (See Fig. 4), we approximate the ROI for the
eye feature with an ellipsis of axis A and B (Fig. 3). The surface of this ellipse is contained within a plane.
When the head rotates or translates the ROI may show different perspectives of the eye (See Fig. 2 for
example). The best way to control how the projection will affect the area of analysis is to define the ROI
and its sampling for the eye states in 3D, in our case, the 3D information needed can be taken from the
neutral position of the clone.
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Figure 2. Rotation around the Z-axis ()

Eye model to recover feature information from the frame

By definition, the ROI on one video frame is a plane surface (in general, it is rectangular) to be analyzed.
Our algorithm extracts the minimum energy point on this ROI. This information does not correspond to the
minimum energy of a planar object but of the eye, whose 3D surface can be better approximated by a
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sphere (See Figure 4 for the anatomy of the eye and Figure 3 for its equivalent three-dimensional
approximation). The information to build the spherical surface can be taken from the clone of the
individual.

Once the ROI is well defined and its sampled areas too, this information has to be directly related to a
proper position on the spherical surface. From the video frame analysis we will get the projected position of
the minimum point of energy on the ROI that belongs to our studied sphere (which will have overcome the
pose transformation). To be able to relate this information with the proper state, we have to compare this
datum with the defined sampling areas in 3D. At this point, either we obtain the projection of the sampling
lines on the studied sphere, by transforming them from the neutral position (applying the current pose
parameters) to their expected projected location; or we find the 3D position of the minimum of energy, by
inverting the pose and the projection transformations, thus obtaining the position of that point in its
expected neutral position.

The simplest option is to only perform one transformation and recover the 3D location of the minimum
point of energy under the constraint that it belongs to the known sphere (See Section 4 for details).
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Figure 3. The eye model and its
linear approximation (a-b). The
surface deformation of the 3D
analysis area and its rectangular
frame restoration (c)
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Figure 5 OpenGL's projecteg‘\_/olume. Near = F; Iyp = -left; byp = -bottom

How transformations are performed

The general pose over the head is expressed in terms of three translations and three rotations. This pose
information is used by the Kalman filter and by the movement synthesizer. The coordinate system, the
transformation and projection used by both, filter and synthesizer, must be the same; otherwise, the
synthesized projected image of the head will not match the video image the camera is acquiring.

We must define which transformations we are going to apply and their order, we also must decide the
center of these transformations, which in our system is the mass center of the head. Rotating is not a
commutative operation, therefore order is very important and it will have to be maintained by the
synthesizer that performs the operation (OpenGL for us). From the previous work developed by Stéphane
Valente [SV99] the transformation were concatenated in the following way:

Xrarzﬁ)rmed = G . Xvﬂeutral Where G = T(tX,tY,tZ) . Rm X Rﬁ,y R}(z 5

)(projected = PF . T(O, 0, F) - )(tmnsformed (1)
0 0

/

o o o M

oS o M oo
o
o

-1 -F
-1 F
Where
1 00 ¢, 1 0 0 O cg 0 s 0 c, =s, 00
01 0 ¢ 0 c -s, O 0O 1 0 0 00
T(xx.ty z) = iR, = 5 R,B y and R‘y.z =7 !
’ 001 ¢ 0 s, ¢, O -sg 0 cg O 1 0
00 0 1 0o 0 0 1 0o 0 0 1 0 0 01

For notation purposes, ¢, stands for cos(¢) , s, stands for sin(¢) and ¢, stands for tan(¢), ? for projected
coordinates and , for neutral 3D-coordinates. Capital letters represent matrices and vectors, and lower case
letters coordinates and vector components. F stands for the focal distance value of the projection system.
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It is understood that we define the head in its neutral position when ¢ = =y=0 and ty = ty = t,= 0. The
origin of the head coordinates must be defined there where the rotations will be held (which may or may
not be the real center of the model)

The matrices of transformations are set to transform the 3D or 2D coordinates expressed in their
homogeneous form:

[x vy z w] 2 [xw yw zw]; [x y w] 2 [xw x/Ww];

The homogeneous coordinate, w, indicates the proportion to the view in the synthesized world. Unless
specifically stated, w is 1 for the original 3D coordinates from the 3D model provided. If not w < 1 enlarges
the given coordinates and w > 1 diminishes the given coordinates. OpenGL's representation on the screen
(from projections) will go from [-w to +w]. OpenGL also performs another transformation to set the image
on the image plane in pixels and in its proper proportions by taking into account the Viewport (physical
image plane), see Figure 5. We refer to [OGL99] for details and we develop the different projection
expression with OpenGL's intrinsic parameters in section 5. The following explanation covers the general
behavior of any synthesizer that follows the operation expected by the Kalman filter.

If we want to obtain the homogeneous coordinates from their 2D projections we have to invert the system:
Xoutrar = G Koranformea = Ry, ! Ry y_l Ry T, (X, v, za_l - Xiransformed 5

knowing that R,.."' = R4 and Tiyy0' = Tie o -

Xoeutra= G Kiranformea= Ry z . Rigy. Rog « Tiax v, -12) - Xiransformed- 2

From equation 1 we can deduce the expression of Xysormed 88

Xransfbrmed = [PF 'T(O, 0, F)]_1 . Xprqjected (3)

I/F 0 0 0
So we can finally substitute in equation 2: 0 1/F 0 0
Xoeura= G Kiranformea= Ry - Ropy- Rox T av,12)- [Pr T, F)]_l - Kprojected- (4) 0 0 -2 =12

0 0 -—-1/2F 1/2F

3. Obtaining the 3D coordinates of the minimum energy point of the ROI

Equation 3 shows the relationship of the 3D coordinates of the object and its projection on the screen under
any pose. X ojecred A0d Xyyangormea are the homogeneous correspondence of those coordinates. The projected
information can come from a synthesized world or from real data. We cannot extract homogenous
coordinate data from a video sequence. Thus, we are not able to inverse the chain of transforms to directly
recover the 3D coordinates of the minimum energy point from a video frame. From the projection, we
generate equivalence (1) but no depth information can be recovered. To obtain the z (depth) coordinate, we
have to introduce a new constraint, which for this feature, will be the knowledge that this minimum energy
point belongs to a well defined sphere (x - x0)*+ (v - vo)* + (z - z0)’= Rad"

Solving the following system:
2 2 2 2
(xn 'X()) + (yn _yO) + (Zn - ZO) = Rad
(5) [([a.s‘ﬁ[}, - say},)xp - Ftﬁ[}/]x” + [(—[aj‘ﬁ.r}, - ya[},)xp + F[ﬁ.l'y]]” +[—[a[ﬁXP - Fyﬁ]g” =(tx —xp)F+1t,xp

K[afﬂ[y - J.0(5}/))/17 - (Ia*"ﬂfy + [af}/)F]Xn + [(_fa*"ﬂ*"y - J‘a[}/))/P + (J‘a*"ﬂiy - [a[}/)F]J'ﬂ + [_[afﬂ}l’ + Ia[ﬂF]{ﬂ =ty —op)F+120p
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generates a tree of solutions that can be expressed with the following solution tree:

/V Zg
/ a\Zb
/xa\yb /V Z

From all the results, only two will be feasible, the two points that represent the intersection between the
projection ray from the camera to the screen with the sphere. From these possible solutions, we will only
take the one whose depth coordinate during the analysis is greater (higher z,qg0mea Value) because it will
show the one that is currently visible on the image plane. Figure 6 shows the situation of the head regarding
the coordinate system utilized; when projecting the head, some vertices hide other vertices that have lower
z values and lie on the same XY plane.

Figure 6. Coordinate system
associated to the 3D head model.

CASE WHERE WE APPROXIMATE BY A PLANE

In practice, it is not convenient to solve a second-order equation. Linearizing the equation of the sphere
becomes necessary. We are interested in obtaining the plane that best represents the spherical eye
information in the front position. We have chosen the pupil in its neutral position (frontal) as the point
around which we will develop the linear approximation. This choice implies developing the plane tangent
to the sphere at the pupil point. A plane tangent to the sphere is such that its normal is the vector R, which
is given by:

R=(4, B, C) = (x,—x,,y, = ¥,,Z, —2,) where x,, y,, z, are the expressions of the coordinates in the

sphere general equation (Equation 5). Any group of parallel planes can be described by this normal as A'x +
B'y + C'z + D'= 0. From this family we take to those tangent to the sphere, applying 4'=4, B'=B, C'=C, and
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Pose coupling with eye movement tracking 11

frontal, that is, belonging to the plane XY = 0 (z = M). To choose M we develop the sphere equation with
z=M which generates a family of circles:

F(x,y) = (x-X0)+(y-yo)’=Rad*-(M-z,)’

from this family we are interested in those whose radius is equal to 0 because they define the point of the
plane that are tangent to the sphere.

F(x,y)=0 > M =2,+ Rad or, M =z, - Rad.

We take the point belonging to the frontal plane:

z =7, + Rad.

We finally define the limited squared analysis area on this plane.

If we recover a point in this plane we know that the error committed by the approximation is limited by
|e/<Rad and it appears when analyzing the more extreme points of the defined area. Knowing the anatomy
of the eyeball, the chosen rectangular area is normally never as big as the maximum defined by the radius
of the sphere. Figure 3 shows the physical interpretation of the error committed when linearizing the
eyeball sphere.

Study of the solution with the general expression of a plane:

If a plane around the point of study approximates the sphere, the system is linear and simplified. This plane
has the structure A'x + B'y + C'z + D' = 0. This structure can be seen as a homogeneous function applied to a
set of points P""X=0, where P' =[4' B'C' D'l and X =[x y z w].

With these premises, we know from (4) that this equality could be written as P (G"Xx)=0.

h i j k
. I m n o . .
Defining G™' = , we could write de new constraint as
p qg r s

t u v w

(Ab+ Bl +Cp+ Dt)x, +(Ai + B+ Cq+ Du) y, +(Aj + Bn+ Cr+ Do)z, +(Ak+ Bo+ Cs+ Dw) =0 (taking
w=1).

The values for G are:

h=c,cy I==s,,4
i=s,c,+cC, 545, m=c,c, =5,8S,
J=8,8,—C,85C, n=c,s,+s,5,C,
k=—ccyt, = (s,¢,+C,555,), = (5,5, =¢,5;¢,)t, o=s,c5t, —(c, 00— 5,55, —(c,5, +5,55¢,)t,
P=5s =0
4="CpSq u=0
r=cye, y=0
w=1

S==Sply +CpS,ty —CuC,l,

Obtaining this way the final expression:
(Ab+Bl+Cp)x, +(Ai+Bm+Cq)y, +(Aj+Bn+Cr)z, +(Ak+Bo+Cs+ D)=0

From the new plane constraints and equivalence (3) we could obtain the 3D position of the projected point.

As stated before, from our analysis data, it is much more simple and more efficient to directly solve for the
vector X, from equation (1) combined with the constraint of the plane defined in its neutral position 4'x

O
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+ B'y + C'y + D'=0. Then, we fit X, coordinates onto the quantized areas in their neutral state. We can
compactly express the complete system as follows:

A B' ' X -D'

n
(casgey —sasy)xp = Fegey (=eas psy —Saty)xp + Fegs, —catpxp = Fsp | 3, |=| (Ux —xp)F+17xp
([a.rﬂ[}/ —Jai}/);yp —(J‘[Z.rﬂ[}/ +£as;,)F (—[aJﬂJ}/ —J'a[}/);yp +(Jasﬁ57 —t‘a[}/)f" —CqtBIP +Ja£ﬁF L (ty = yp)F+179p

We must see if there is always a solution when the plane constraint is reinforced. Checking when the
determinant of the system is zero we obtain the following non desired situations:

A-[[(~cas gsy —sqey)xp + Fegsyll-cqcgyp +sqc gF1=[~cqe gxp = Fs g ll(=cos g5y = 5q€y )y p +(5g5 g5y — ey )F11 =0
&&

B-[[(cas pey —sasy)xp — Fegeyll-cqc gyp +sqc gF1-[~cqe pxp — Fs gll(cas gey = Sasy)vp — (g5 ey +cqsy)F11=0
&&

C[Ceqrpey =sasy)xp = Fepgey (e g5y = 5q6y) Ip + (St g5y = oty )E1=[(—0as g5y = sqty)xp + Fepsy [(cqs pey = 5o5y) yp = (55 pey + 665, )F1] = 0.

EURECOM
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4. Equivalence with OpenGL's projection system

The inverse of the OpenGL projection (our practical scenario) would give the following matrices:
x

a, a, a || "| |a,
b b, b |7 || b,
ZVI

where

a,=x,ly,(c,s5¢, =5,8,)+Fcye, b =y,b,(c,s5¢,—5,8)+F(s,5,¢,+¢,s,)
a,=x,l,(=c,s,5, —=s,c, )= Fecys, b=y, b,(=c,s,5,—5,0,)+F (=58, +c,c,)
a, =x,.1;,(=c,c;)+ Fsy b=y, b, (—c,cp)—Fs,c,

a,=x,1,,(t, - F —back,,)-Ft, b=y,6b,(t,—F—back,,)-F1,

I3p and b;p represent the values of the Viewport dimension and back;p, is the extra displacement along the
z-axis added to the model so it is correctly viewed, see Figure 5 for details.

If we add the plane constraint our linear system becomes:

A4 B C Jx,| [-D
a ay az|Yn|=|as | easily solvable when the plane is defined on XY (z = M):
by by b3 by

Zn

{al a2 }[x”}{a“ _Maﬂ which has always a solution if a;.5;-a,.b, # 0
by by | yn] |ba—Mbs

We need to avoid the obvious cases: a;=a,=0 or b;=b,=0, and then the forbidden combinations a;=b; = 0 or
a,=b,=0. Generally, evaluating the cases where a;=0, a,=0, b;=0 and b,=0 we detect the most conflictive
situations.

31209
B=rn/2,;a=%r/4;y=*x1/4
B=r/2;0=13n/4;, y=131/4

b;=0 >
oa=xrn/2; y=1tr/2;Vp
a=0 >
B=1tr/2;a=y,a=-y
b,=0 >

t,85=y,b, F
oa=n/4, y=p=2rx/7
From this analysis, we conclude that the pose-feature analysis coupling is completely stable to head

translations and becomes unstable for those head angles beyond /4. Nevertheless, our tracking system
finds its limitation beyond these angles because the tracked data start to fall onto the same projected points.

O
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6. Error expressions: study of the error generated by both, the Kalman
prediction (tx, ty, tz, o, B, y) and the data (x,, yp) imprecision

Algorithmically, we can summarize the coupling of pose tracking with eye-state feature analysis as the
achievement of the correct inverse projection-pose transformations of the lower energy point on the video
eye 2D ROI (x,, y,) to obtain its 3D coordinates in their neutral position (x,, y,, z,). These coordinates will
be compared to the sampled eye states defined over the neutral 3D ROI so to derive the needed FAPs that
describe the eye-state found. We express the inverse projection-pose transformation as:

X, =ﬁ|A|~ [M.B(sasﬂcy +¢,8,)+M.Ccye, + M.F*(s,s, —c,s,¢,)+ Bt (c,s,8, +5,¢,)+
thx (Sasﬁsy —cacy) —thycﬁs}, + C.H(cacy —sasﬁsy)— Cty (casﬁsy +sacy) +B.Hcys, ]

Y =ﬁ|fl|.[ M.B(c,c, —s,555,)—M.Ccye, +M.F2(sac7 +c,8,¢,)+ Bt (c,s5¢, —5,5,) -
thx (sasﬂcy +cacy)—F2tyc/,cy —C.H(sasﬂcy +cacy)+ Cty (sasy —casﬁcy)+ B.Hcﬂcy ]

z, =M

where

B=y,b,,F; C=x,,,F ; H=t —F —back,,
det|A| =F(Fc,cp+x,l,5, —y,bp8,C5)

These expressions have taken into account all model assumptions. Defining the eye-states over the 3D ROI
ensures the correct interpretation of the eye movement. The final action can be misled by the error
cumulated from the two algorithms involved and their coupling.

In this section, we estimate the influence the precision of the image analysis algorithm and the pose
prediction have over the final results in terms of the error correlation and evolution found in the final
neutral coordinates when errors are introduced during the image analysis or the Kalman pose parameter
prediction separately.

The inaccuracy additive error (€) on the obtained parameters (X ,, 7 P,&, ﬁ VL, ,7’ ,a) carries on in the
expression of the final values. We express the proximate final values, X, and 7,, in terms of the

theoretical right values, x, and y,, and the affecting multiplying errors (€n,) and additive errors (€,4q)
coming from the analysis and the pose prediction.

EURECOM
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ERROR EXPRESSIONS

= Error derived from data inaccuracy during image analysis:

X =xp+€X ; )/PZJ/P+€J

?
X, =X, 'gx_r/m/t + gx_cm’//
where
. ~ 1
_mult gX/3DJﬁ —gy/73D5a[ﬁ
1+

Xp/3DJ‘ﬂ +F[atp _pr.%DIafﬂ

é‘JﬁSD((zW(sasp[y + [as}/) +lx(fasﬁ§7 + J'a[}/) + H[ﬁ.r}/) +£x/3[)(H([(x[y _faf,b‘fy) - z\hﬁt}/ —l](sa[}/ + [aJ'ﬁJ'y))

Xp/.‘inﬂ +Fegep —JPIJ3D§[Z[/3

Ex_add =
- - EX/3D§/3 _gyb}Dfafﬂ

Xp/3DJ‘ﬂ +an:ﬂ —erb3Dxafﬂ

J}ﬂ = \)})I'g}’illltl/f + gj’iﬂ{/{l

where
e _ 1
-t - €.13ps g —€,b3psacp
Xp/3DJ'ﬁ +Feqep —J/ph3D§a[ﬁ
E,bsp(M(eqey =5aspsy) t1,.(caspey =5g5y)t Hegey )+ €.03p (H(cgsy —sqspey)+ Megey, +1,(sg5, —cq8pcy))
Xp/ﬂ)fﬁ' + an:ﬁ _;7;;53[)‘0:%'
E‘)‘_dﬂ’d =

- E./3psp —€,bspsacp

.X'p/3DJ'ﬁ +Fegep _J’pbﬂ)fa[/)’

=  Error derived from imprecision in prediction from the Kalman filter:
» d=o+¢g,

x =x .E + &

n n*Co_x_mult O _x_add
. _ 1
ot . Fsgeg + 0 ,03pcacp .. (1=cg,) xpl3psp
- . e ' .
Xp/3D +Fegep —J/ph3DJa:ﬂ “ ([ga) Xp/3D +Fepep —;ypk;DJafp
' (A-ce,) ,
- - . -(I\I.Cfﬁfy—F t ,tﬁx},+B.Hfﬁyy)+TlE
P(Xp/3D + P”a[ﬁ _J/prDJ'a[ﬁ> ‘e, ) o

8 X _d =
o _x_add F"a[ﬂ +erb3D(‘a(‘p . (1—{80!) Xp/3DJ‘p

Xp/.%D + F[afp _;7pszJ'afﬂ fa ([‘9(1) Xp/.%D +F[afp —erb3pxafp

T =[MB(cgsgey =545,)+ M.F? (saspey tegsy)t B (=sgspsy tege,)+
Fzz‘x (caspsy tsacy)=CH(eqsgsy +5q0))+Ct [ (sq555) —0a6y)]

J/n = J/p'gd_‘y_mh/l + ‘c"a_‘y_ad:{
1
Fsafﬂ +pr3D5afﬂ , +(1_[E(1> xp/zpfﬂ

80{7 o _mult =

. e, : .
Xp/3D +Fegep —]ph3DIa[ﬂ “ (:ga) Xp/3D +P[a[ﬂ_;3’pb3D5a[ﬂ

EURECOM
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! o) e F2# cge, +B.Hege,)+ Tt
- - . (=M .Cege,, — e Hege e
P(Xplﬂ) + Fegep _J’phﬂ)ya[ﬁ) Cey rr A pr “
£ =
oy add . Fsgep + 9 pbapeacp . (1=cg,) x,4l3psg

“tg
XpZED + Fegep _prﬁ)"a[/f “ (fso,) Xp/3D +Fegep _J'pbﬂ)"afﬁ
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REMARKS

Error expressions depend on the specific projection system parameters (F, /3p, bsp, etc.), the pose that the
head model shows (¢, B, % t., t,, t.) and the value of the projected coordinates obtained from the analysis
(Xps Vp)-

Tables 1, 2, 3, 4, 5, 6, 7 and 8 illustrate the error evolution when the analyzed head is almost its neutral
position (= B= y=1t,=t,=t = 0), assuming only one source of error at a time. Additive and multiplying
error behavior evolves with the changes in the additive error of the analyzed results. Tables 1 and 2 show
the error evolution in terms of percentage of error committed when analyzing the projected data (x,, »,);
Tables 6, 7 and 8 the percentage of error from the Kalman filter translation parameter prediction; and
Tables 3, 4 and 5 show the error in radian units due to the Kalman prediction inaccuracy over the pose
angles. f{ ), f( ), g( ) and g'( ) are different functions that depend on the specific projection system

parameters. (), /'( ), £"(), i"'(), k(), K'C), K'C), £°(), m(), m'(), n(), #'(), q(), ¢'( ), p(') and p'( ') are
functions that depend on the system parameters and the analyzed values x, and y,.

Bearing in mind that these tables represent the results over a specific situation, we can still study the
influence trends over the error behavior and which parameters seem to be more critical for a correct
coupling result. Exact error values depend on the instant system characteristics but all specific functions
have the same order of magnitude (O(10%)) and it is independent of the system and the obtained results.

In the evolution study, we see that the instant pose can greatly influence the error behavior. For instance,
the projected data multiplying error is minimal when the head is in its neutral position (Tables 1 and 2). In
all cases and for small inaccuracy errors, the overall behavior shows a clean linear evolution. Pose
parameters related to the x and y-axis (&, £, . and ¢,) have similar comportment. Rotations around the x and
the y axis have stronger action over the error results than the rotation related to the z-axis. In fixed pose
conditions y rotation, ¢, and #, do not change the image appearance of the studied ROI and therefore errors
due to inaccuracy in their prediction have less impact on the neutral coordinates.

As a final conclusion, we deduce that the Kalman filter error influence is larger than the accuracy of the
analyzed data. First, it involves the greatest amount of parameters; second, it is the basis for correct ROI
framing that helps to obtain the optimal minimal energy point search. Analyzing the expressions, we realize
that when coupling pose prediction with feature expression analysis, the inaccuracy of pose predicting
becomes the major source of error. Unlike the error introduced when analyzing the video image, the
prediction error could hardly be minimized by any image analysis technique and therefore cannot be easily
controlled. This error analysis shows how critical the accuracy of the prediction is for our method. Figure
7" depicts several graphs were the Kalman predicted filter results are plotted against the real pose data.
Movement must be smooth in order to obtain the best Kalman filter action and minimize the filter artifacts.
Otherwise, they would introduce too many errors and therefore they would mislead the feature expression
analysis results.

! Extracted from [SV99]
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Table 1. Evolution of the error due to the inaccuracy on the x component of projected data analysis.

Error % x, error % Xmur  €rror % Xaga  €rror % Ymui error % Yada

10 0 10.f(system) 0 10./'(system)
5 0 5.f(system) 0 5.f(system)

1 0 fsystem) 0 f(system)
0.5 0 0.5.f(system) 0 0.53.f'(system)
0.1 0 0.1.f(system) 0 0.1.f(system)
0.05 0 0.05.f(system) 0 0.05.f(system)
0.01 0 0.01.f(system) 0 0.01.f(system)

Table 2. Evolution of the error due to the inaccuracy on the y component of projected data analysis.

error % y, error % Xmut  €rror % Xaga  €rror % Ymur  error % Yaqa

10 0 10.g(system) 0 10.g'(system)

5 0 5.g(system) 0 5.g'(system)

1 0 g(system) 0 g'(system)
0.5 0 0.5.g(system) 0 0.5.g'(system)
0.1 0 0.1.g(system) 0 0.1.g'(system)

0.05 0 0.05.g(system) 0 0.05.g'(system)
0.01 0 0.01.g(system) 0 0.01.g'(system)

Table 3. Evolution of the error due to the inaccuracy on the & pose parameter prediction.

error
orad  EFrOr Xmut error Xada error Yomut error Yada
| 1/(1-h(sys.coor). 0.0175) (0.00015 2f’|(jly(ss§:‘;2;()'?,l g;”s")“ys"’“"”)’ 1/(1-h(sys.coor). 0.0175) 00001 S”’“(s,fsyc: 22;?3 '07157‘:';'(sy5'°°°rw
(0.0000381.4'(sys,coor)+0.00873.4"(sys,coor))/ (0.0000381.A"(sys,coor)+0.00873.A"(sys,coor))/
0.5 1/(1-h(sys,co0r).0.00873) (1-h(sys,coor).0.00873) 1/(1-h(sys,coor).0.00873) (1-h(sys,coor).0.00873)
0.1 1/(1-h(sys.c00r).0.00175) (0000001 52(?_‘,?{:;2‘;2’3:)0(? o ;5/; (sys.coon))/ 1/(1-h(sys,co0r).0.00175) (0.000001 52'(’ ' }jﬁ;zzg):)?,%?f]%’ (sys,c00m))/
(0.000000381.7'(sys,coor)+0.000873.4" (sys,coor))/ (0.000000381.4"(sys,coor)+0.000873.4" (sys,coor))/
0.05 1/(1-h(sys,coor)*0.000873) (1-h(sys.coor).0.000873) 1/(1-h(sys,coor).0.000873) (1-h(sys,co0r).0.000873)
N (0.0000000152.4'(sys,coor)+0.000175.A"(sys,coor))/ < (0.0000000152.4"(sys,coor)+0.000175.4"(sys,coor))/
0.01 1/(1-h(sys,coor)*0.000175) (1-(aye0000.0.000175) 1/(1-h(sys,co0r).0.000175) (1o c00.0.000175)
Table 4. Evolution of the error due to the inaccuracy on the  pose parameter prediction.
error
rad error Xumu eIror Xaqd error Yomut error Yagd
i 1(1-4(535,0001).0.0175) i ey Al 1(1-4(5y5,0001).0.0175) (000152 conn 0 05k scoon)!
. (0.0000381.4'(sys,coor)+0.00873.k"(sys,coor))/ 5 (0.0000381.4"(sys,coor)+0.00873."(sys,coor))/
0.5 1/(1-k(sys,coor).0.00873) (1-K(sys.c00r).0.00873) 1/(1-k(sys,coor).0.00873) (1-K(sys.c00r).0.00873)
0.1 1/(1-k(sy5,c001).0.00175) (00000015 2(’1‘(:{:;‘;‘:2:)00(:?& 17755‘) (sys.coon)/ 1/(1-k(sy5,¢001).0.00175) (0000001 52‘5 (,f(z;:g;’;x%?%%f (sys,coon)/
. (0.0000000152.k'(sys,coor)+0.000175.k"(sys,coor))/ y (0.0000000152.k"(sys,coor)+0.000175.k"(sys,coor))/
0.01 1/(1-k(sys,coor).0.000175) (1-k(sys.c00r).0.000175) 1/(1-k(sys,coor).0.000175) (1-k(sys.c00r).0.000175)

Table 5. Evolution of the error due to the inaccuracy on the ¥ pose parameter prediction.

erroryrad  error Xmu error Xagq error Yomuit error Yagq
1 0.99984 0.0175.m(sys,coor) 0.0175 0.99984.m'(sys,coor)
0.5 0.999961 0.00873.m(sys,coor) 0.00873 0.999961.m'(sys,coor)
0.1 0.9999984 0.00175.m(sys,coor) 0.00175 0.9999984.m'(sys,coor)
0.05 0.99999961 0.000873.m(sys,coor) 0.000873 0.99999961.m'(sys,coor)
0.01 0.999999984  0.000175.m(sys,coor) 0.000175 0.999999984.m'(sys,coor)
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Table 6. Evolution of the error due to the inaccuracy on the ¢, pose parameter prediction.

error % t,  error % Xmui error % Xadq error % Ymui error % Yada
10 none 10.n(system,coor) none 10.n'(system,coor)
5 none S.n(system,coor) none 5.n'(system,coor)
1 none n(system,coor) none n'(system,coor)
0.5 none 0.5.n(system,coor) none 0.5.n'(system,coor)
0.1 none 0.1.n(system,coor) none 0.1.n'(system,coor)
0.05 none 0.05.n(system,coor) none 0.05.n'(system,coor)
0.01 none 0.01.n(system,coor) none 0.01.n'(system,coor)

Table 7. Evolution of the error due to the inaccuracy on the #, pose parameter prediction.

error % t, error % Xmur error % Xadq error % Ymui error % Yada
10 none 10.p(system,coor) none 10.p'(system,coor)
5 none 5.p(system,coor) none 5.p'(system,coor)
1 none p(system,coor) none p'(system,coor)
0.5 none 0.5.p(system,coor) none 0.5.p'(system,coor)
0.1 none 0.1.p(system,coor) none 0.1.p'(system,coor)
0.05 none 0.05.p(system,coor) none 0.05.p'(system,coor)
0.01 none 0.01.p(system,coor) none 0.01.p'(system,coor)

Table 8. Evolution of the error due to the inaccuracy on the 7, pose parameter prediction.

error % tz  error % Xmut error % Xadq error % Ymui error % Yada
10 none 10.¢(system,coor) none 10.¢'(system,coor)
5 none 5.q(system,coor) none 5.¢'(system,coor)
none g(system,coor) none ¢'(system,coor)
0.5 none 0.5.g(system,coor) none 0.5.¢'(system,coor)
0.1 none 0.1.g(system,coor) none 0.1.g'(system,coor)
0.05 none 0.05.¢(system,coor) none 0.05.¢'(system,coor)
0.01 none 0.01.¢(system,coor) none 0.01.4'(system,coor)
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