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Abstract. Motion Capture has been adopted for the production o highly red-
istic movements, as well as for the dinicd analysis of pathologicd motions. In
both cases, a skeleton model hasto beidentified to derive the joint motion. The
opticd techndogy hes gained alarge popuarity due to the high predsion d its
marker position measurements. However, when it comes to building the skele-
ton frames out of the 3D marker pasitions, significant locd skin deformations
may penalizethe quality of the model reconstruction. In this paper we exploit a
locd fitting todl to visuaize the influence of skin deformation on marker
movements. Such a knowledge can in turn improve the layout of opticd mark-
ers. Weiill ustrate our viewpoint on motions of the upper-torso.

1 Introduction

Various motion cgpture techndogies are used for measuring the movement of human
beings either for animating virtual humans or analysing the movement per se (e.g. for
sport performance or clinicd context). Until now, the most succesful techndogy is
opticd motion capture. Thisis due to its high predsion measurement of littl e reflec-
tive markers, attached onsome relevant body landmarks. In a production context, the
movement of an artist is captured with two to eight cdibrated cameras. For simple
motions, the multi ple views of markers al ow the automatic reconstruction d their 3D
pasition. Depending onthe system, a static posture [1] or a spedal cdibration motion
(further referred to as the gym motion) is used to buld or adjust a skeleton model.
The skeleton model helps, in a second plase, to derive the anguar tragjedories of al
the catured motions. In this oond plase, the markers are generally assumed to be
fixed in the mordinate system of abody segment. This assumptionisweégk for abody
region undrgoing large deformations, such as the shouder. In this paper we exploit a
recant tod for the analysis of locd marker displacaments (i.e. with resped to the
underlying bores). Thistodl is designed to provide needed information for the skele-
ton fitting task, by highlighting marker sites that undergo important relative motion



with resped to the underlying bores. It also helpsto eliminate redundant markers and
identify patentialy interesting rew marker locations.

The paper focuses first on the problem of skeleton identificaion for motion cepture.
Then it recdls our locd fitting technique for deriving joint center from relative
marker trajedories. The next sedion ill ustrates how it can be used to ogimize the
marker positioning d the upper-torso region. The mnclusion summarizes the trade-
off sregarding marker positioning and suggests new research diredions.

2 Reéated Work

Identifying the corred locaion o human joint center from external informationis a
difficult problem. The most simple gproac isto scde astandard human skeleton to
the total height of a given person; needlessto say, it requires sme aljustments but it
is aufficient for entertainment appli cations [2]. Within the same frame of mind, exter-
nal anatomic feaures can be deteded and exploited from a static 3D envelop captured
by digital cameras[3]. However, the predsion d these two approachesisvery low.
Other promising techniques emerge from the field of video-based motion analysis [4].
In [5] an arm recorded with a stereo system is being traded by fitting a model built
out of eli psoids to the data. This way, the skeleton fitting is concomitant to the mo-
tiontradking. In the longer term, one shoud be ale to derive ageneric model of the
skin deformation from such data, thus paving the way to much more predse identifi-
caion d the underlying skeleton movements.

Presently opticd and magnetic systems prevail in motion capture & they offer the
best compromise in terms of predsion and owral cost (processng and human inter-
vention). It is a standard working hypdhesis in the literature to assume that the
markers are rigidly linked to the underlying skeleton [6] (it is aso reported for mag-
netic motion capture [7], [8]). However, the rigid body hypthesis causes important
errors in the estimation d the joint kinematics. This was reported in [9] for marker-
based systems or in [2] for magnetic systems. It is difficult to identify a better model
for the locd movement of the markers as it results from the combination o the inter-
related movements of the bores, muscles, fatty tissues and the skin. Proposed solu-
tions in opticd motion capture ae: carefully designing marker clusters [10], consid-
ering ead marker separately [11], or dlowing pertial freedom of motion between the
markers and the assciated bores [12]. This latter work proposes a methoddogy
based onan anatomic human model. The human model encompasses a predse anat-
omic description d the skeleton mohility associated with an approximated envelope.
It has a doule objedive: by ensuring a high predsion mechanicd model for the per-
former, the tradking algorithm can predict the 3D location and the visibility of mark-
ers. This reduces sgnificantly the human intervention in case of marker ocdusion.
The work described in the present article exploits the visuali zaion feaures of alocd
fitting tod for which we recdl the major charaderistics in the next sedion (we refer
thereader to [13] for full detail ).
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Fig. 1: Orientation error between a strapped magnetic sensor and the underlying
arm during axial rotation. A dedicaed approach solving for this problem is propased
in [2] for magnetic motion capture

3. Building Local Frames

When looking for the pasition d the bores of a person, afirst observation is that the
relative distance of markers attached to ore limb is almost constant. The biggest de-
viations occur when markers are dtached on parts that suffer maximal deformation
during the movement, as aroundthe joints or on massve muscles (e.g. on the thigh).
Our approach handles this context by decmposing the problem into two tasks: the
partitioning d markers into rigid cliques and the estimation o joint centers. A clique
denotes a set of markers where eath member remains within a distance tolerance wrt
al the other markers of the set. Mastering the partitioning and the joint center estima-
tion alows usto visualizelocd marker trgjedories and thus better understand the skin
deformations

3.1 Partitioning Marker into Rigid Segment Set

In the following, we asume that we exploit a motion cdled the "gym motion*, which
highlights most of the body mohility with simple movements. The @rrespondng file
of 3D marker locaionsistheinpu of the partitioning algorithm.

The partitioning algorithm computes the distances between markers at ead frame of
the gym motion (Fig. 2). It seleds the biggest cliques for a given dstance threshold.
This condtion dfines a rigid segment set. The system may look for the expeded
number of partitions or the user can interadively tune this threshold (Fig. 3). In addi-
tion, we define the attachment weight of a marker to a segment as a normalized
measure of the rigidity of its attachment to that segment. By default, al the atad-
ment weights have avalue of 1.0.
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3.2 Visualizing Relative Trajedories of Markers

If we consider a referential boundto a bore represented by a segment e.g. OA (Fig.
4), the markers that are d@tached on adjacent segments (e.g. OB), theoreticdly move
on a sphere centered on the joint that links the two segments (here joint O). This
comes from the hypahesis of constant distance between markers and joints.

The position d a 3D objed in spaceis completely defined by three non-colinea
points. Thus, if we have aminimum of threemarkers on a segment, we can define the
position and aientation d that objed in space Afterwards, we mmpute the move-
ment of the markers on adjacent segments in the referential established by these
markers and we estimate their centers of rotation (asin Fig. 5 and Fig. 6). The centers
of rotation correspondto the joints. From their paosition in space we can approximate
the lengths of the body segments as the distances between them. For example, in Fig.
4 we can compute the position d the joints A and O in space ad we get the distance
lIAO]I.

Due to the deformations undergonre by the skin during the motion, the markers at-
tached onalimb change their paosition with resped to the bore. As long as the defor-
mation is only due to atwisting alongthe bore segment, it isfiltered ou by its prop-
erty of maintaining the distanceto the joints. However, a deformation that is changing
the distance to the bore (e.g. due to muscles sich as biceps) or one that changes the
pasition aong the bore induces unknown errors for the joint center computation.
Markers siffering such deformation errors are further said to belong to the noisy



class. We ded with these arors by introducing a LSQ computation o the center of
rotation. We use amodified version d the Levenberg-Marquardt method [14] for all
of our least squares computations. Depending onthe mmplexity of the movements,
the @rors sIm up a compensate eat ather (more detailsin [13]).

Fig. 5. Estimating the Fig. 6. The segment
center of rotation o a| can be determined by
marker only 2 markers

Fig. 7. Weighting centers
of rotation for diff erent
markers on segment S,

3.3 Estimating the Position of Joints

In the p_segment referential we compute dl the centers of rotation for al the markers
of an adjacent segment a_segment (Fig. 4). The center of rotation is estimated as the
result of the function:

argmin Z(d(r,x, y,2) x weight(r, X, Y, 2))? 1)

I %0:¥0:20 trajectory

correspondng to the LSQ minimizaion [10] of the function:

d(r,x,y,z) xweight(r,X,y, 2) )

where:

d(r,%,¥,2) =(X=%)2 + (Y= Yo)? +(2-2,)% - @

and the function weight(r, X, Y, Z) computes the inverse of the density of the tra-
jedory samplesin aregion d the space We mmpute this density by first dividing the
spacein a set of parallelepipeds in which we @urt the number of points. First we
compute automaticdly the minimal box containing all the points of the trgjectory and
we divide it, dividing ead dredion byafador of 5 or 10. This increases the impor-
tance of poaly popuated regions of the space where the performer stays for very
short time.



We then estimate the joint position as the center of massof the centers of rotation,
weighted bythe associated marker weight (Fig. 7).

weight = weight(mkr,a_ segment) factor (mkr,a__ segment) (4)

center

In our experiments, we founda good \alue for factor given by.

factor (mkr,a_ segment) = radius(mkr, p__segment) ©

Let us take Fig. 7 as an example. After defining the system of coordinates boundto
S, we etimate the center of rotation Jof S, in this referential. In order to dothis,
we estimate the center of rotation X, of ead of the markers M, N and P. Then we

compute the masscenter of the canters of rotation for M, N and P using the weights
computed with the previous formula:

z (X:enter X Wel ghtcenter ) (6)

v — centers
X; =

Z weight

centers

center

Thereis a cae where the trgjedory of amarker describes a drcle and nd a sphere,
due to reduced degreeof freedom for a cetain joint (namely the dbow). We projed
thistrgjedory in the plan that best containsiit. This plan can be found by wingaLSQ
that minimizes the distance between it and the points onthe trgjedory (Fig. 6).

A certain attention hes to be paid to the cae where we have lessthan three &
tached markers on a segment. This case occurs often in our experiments. Currently,
we ae satisfied with two markers if the aljacent joints can be accetably modeled as
having orly one rotational degreeof freedom. In this case we determine the system of
coordinates by the plane that contains the two markers of the base segment and the
marker whose trgjedory is being tradked. The center of rotation is computed in this
plane and then mapped badk into the global referential. We compute there the center
of massof al the centers of rotation, computed for al the markers on a neighba
segment in order to find an estimate for the position o the joint. Afterwards, we per-
form as explained before. For example (Fig. 6), we compute dl the rotation centers of
the markers on OA around OB, and all the rotation centers of the markers on OB
aroundOA. Then we mmpute the center of massusing the weights of the considered
markers and the inverse of the radius of the drcles or spheres described by them dur-
ing their motion.



4. Optimizing Marker Position

We propose to exploit the visualization o markers loca trgjedories to get more in-
sight into the bone/skin relationship. The todl shoud allow usto:

make dedsions relative to the inclusion o abore in the skeleton model,
distinguish between bore movement, muscle massdeformation and skin sliding,
discover artifads due to underlying bore movements,

appredate the arrelation between bore cnfiguration and marker paosition.

We have chasen to ill ustrate the marker position ogimizaion ona difficult case-
study to better stressthe interest of the visualizaion tool. We have retained the up-
down (shruggng) and the forward-badkward motions of the davicles. The first part
of the study focuses on the relation between partitioning and marker trajedory analy-
sis. The visudlizadion tod allows the assessment of the marker locaions with the
objedive of retaining pertinent ones while diminating ahers. The second art of the
study hghlights the skin diding in the bad region.

4.1 Test-Case Marker Set and Motion

Fig. 8 shows the propased marker set on the spine and thorax (the image isinverted to
remove the bladk badkground. All the useful markers have alabel acarding to the
following convention. The names of markers on the back start with B. Those on the
spine have aformat B, with i equal 1, 2 (lumbar), 3,4 (thoradc) and 5 (nedk base).
Two ather markers on the thorax are labeled with BL (as Low) and BH (as High).
The names of markers on the front start with F respedively with F1 and F3 on the
clavicles joints and F2, F4, F5 on the thoradc cage. The distance F4-F5 is approxi-
mately 30 cm. Finaly the names of markers on the shouders dart with S respedively
with SR for Right side and SL for Left side. Compared to standard motion capture
pradice [1], the present set of makers is deliberately large to explore the locd skin
deformations.

The motionis performed so asto highlight a single degreeof mobility at atime: here
the davicle up-down (schruggng) and forward-backward motions. The motion is
repeded a few times for eady mobility either independently or simultaneously on
both sides. The same initial posture with dangling armsis used for al motion record-
ings. In addition to being captured, the whole motion cgpture sesson hes been re-
corded with a digital video camera. A seledion d snapshots has been made from the
resulting DVD tape andis presented below.
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Fig. 8.: Front and badk views of the spine and thorax regions

4.2 Retaining Pertinent Markers

The partitioning is the adion d grouping markers belongng to the same body seg-
ment. This gage is important since it determines the locd frames in which marker
trgjedories are further built and analyzed. Fig. 9 shows the diques of the upper body.
The thorax regionis divided into three diques (marker groups):

theright clavicle groupincludes SR, F1 and BH

the left clavicle groupincludes SL, F3 and BL
Thorax partition includes all the other (labelled) markers. It is relevant to include dso
the spine markers into this partition becaise the studied motion keegps the badk
straight.
The trgjedory displayed on Fig. 10 exhibits a dea rotation kehavior of the SL
marker during a few shruggng motions. The center of rotationis close to the locaion
of the F3 marker put on the left clavicle joint. Althoughwith a short lever arm, the
amplitude of the rotation is about 60°, indicating that a davicle segment is highly
relevant in a skeleton model. The 10cm scdeis based onthe F4-F5 distance
When studying the motion o the SL marker, it quickly appeaed that the markers on
the davicle joints were suffering stronglocd displacements due to the davicle bores
underlying motions. The variation o the F1-F3 dstanceis shown on the images of
Fig. 8 and the successve drawings of Fig. 11 (indicated with arrows on (a) and (b)).



In Fig. 11 (top views) we mmpare the SL marker locd trgjedory for an alternate
thorax partition that excludes the two markers F1 and F3 onthe davicle joints. Al-
thoughdlightly different from the previous partition case, the resulting SL marker
trajedory is qualitatively similar, thus justifying the @dandon d the F1-F3 markers
for the thorax partition. In addition, the removed markers F1 and F3 proved to be a
source of difficult 3D remnstruction as illustrated on Fig. 12 with a locd rotation
artifad during the forward clavicle motion.
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Fig. 11 Top view of the left shouder marker trajectory with resped to the thorax
partitions: initial partitionin two pacstures for high clavicles (a) and low clavicles (b),
and alternate partition for (c)
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Fig. 12: Locd rotation o F1 and F3 due to forward clavicles motion



4.3 Studying Local Skin Deformations

The present sediion focuses on markers BL and
BH that are respedively on the low and high
part of the muscular mass assciated to the
E2 scgpula motion. The major asped in these
trajedories is their trandational rather than
rotational nature. These daraderistics have
Bl B5 already appeaed onFig. 8.
A semnd dternate thorax partition (withou
marker B4) had to be defined as this marker
could na be traked duing the whole se-
guence The marker B4 is aibjed to severe
Fig. 13: Alternate thorax partition deformation and pushing o muscular masses
(without B4) (that even led to the lossof this marker and the
repetition o this motion).
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Fig. 14: Front views of marker BL: locd trajedories during shrugging (a) and for-
ward-badkward motion (b). (c) isan enlargment of (b) trgjectory

Fig. 14 explores further the trandation charaderistics of the markers BL and BH.
Their excursion ranges are quantified based onthe F4-F5 distance What is espedaly
noticeadle is the regularity of the trgjectories highlighting the high correlation be-
tween locd skin deformation and undlying bore motion. However we have ob-
served sudden dsplacement of the BH marker in the sagital plane (side view). This
artifad possbly comes from the underlying motion d the upper part of the scgpula
Unlessthe scgpula motion is of spedal importance the region d BH marker shoud
be avoided.

5. Conclusion

Thisisonly one of our first sets of experiences with the analysis of the locd tragedo-
ries of the markers. The possbhility to smultaneously view a movement in several



systems of coordinates, makes the dedsion process clea and efficient (Fig. 15). It
provides pertinent feedbad onthe marker positioning, athough tghly depending on
the quality of the gym motion. Our first conclusion regarding the studied region is
that:
Adding more markers (three per segment), definitely helps to improve the locd
fitting (by seleding and aganizing the ones that lead to goodestimation),
The scgpula joint seems nat identifiable with the aurrent optical motion cgpture
methoddogy. We can hovever gain a better understanding o the region defor-
mation.

Our results on this type of (i.e. with cyclicd movements of independant degrees of
mobility) suggest that, in some body regions, there is a strong correlation between
skeleton motion and locd skin deformation. Thisisin phase with some observations
from Cappazzo in [9]. One gproach for the identificaion d this correlation could be
to train a dedicaed neural network with the gym motion for eaty major body region.
The result would describe how the marker moves with the skin, as a function d the
current posture. Compared with the aurrent assumption d fixed marker w.r.t the un-
derlying bores, we believe such a marker model would improve the skeleton identi-
fication and the quality of the cgtured motion. In the nea future we plan to focus on
the shouder region with more (and small er) markers.

Fig. 15: Interfacefor simultaneous visudi zationin different frames
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