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Abstract

Estimation of three-dimensional articulated human poskraation from images
is a central problem in computer vision. Much of the previmmk has been
limited by the use of crude generative models of humans septed as articu-
lated collections of simple parts such as cylinders. Autignaitialization of
such models has proved dif cult and most approaches asshatette size and
shape of the body parts are knowipriori. In this paper we propose a method for
automatically recovering a detailed parametric model ofrigid body shape and
pose from monocular imagery. Speci cally, we representibey using a param-
eterized triangulated mesh model that is learned from @datof human range
scans. We demonstrate a discriminative method to direetigwer the model pa-
rameters from monocular images using a conditional mixtfikeernel regressors.
This predicted pose and shape are used to initialize a gareenaodel for more
detailed pose and shape estimation. The resulting appediaebs fully automatic
pose and shape recovery from monocular and multi-camergeimaExperimen-
tal results show that our method is capable of robustly redog articulated pose,
shape and biometric measuremergg (height, weightetc) in both calibrated
and uncalibrated camera environments.

1 Introduction

We address the problem of marker-less articulated pose lapksestimation of the human body
from images using a detailed parametric body model [3]. Mw&ir work on marker-less pose
estimation and tracking has concentrated on the use of greBaysian methods [8, 15] that
exploit crude models of body shape.d. cylinders [8, 15], superquadrics, voxels [7]). We argue
that a richer representation of shape is needed to makeefatrides in building better generative
models. Discriminative methods [1, 2, 10, 13, 16, 17], maeently introduced speci cally for
the pose estimation task, do not address estimation of tthg &ltape; in fact, they are speci cally
designed to be invariant to body shape variations. Anyweald system must be able to estimate
both body shape and pose simultaneously.

Discriminative approaches to pose estimation attemptdmle direct mapping from image fea-
tures to 3D pose from either a single image [1, 14, 17] or mldtapproximately calibrated views

[9]. These approaches tend to use silhouettes [1, 9, 14] ametimes edges [16, 17] as image
features and learn a probabilistic mapping in the form ofristaNeighbor (NN) search, regression
[1], mixture of regressors [2], mixture of Baysian expef(tg]| or specialized mappings [14]. While

effective and fast, they are inherently limited by the antcamd the quality of the training data.

More importantly they currently do not address estimatibtihne body shape itself. Body shape es-
timation (independent of the pose) has many applicatiobsimetric authentication and consumer
application domains.



Simpli ed models of body shape have a long history in compuigion and provide a relatively low
dimensional description of the human form. More detailé&hgulated mesh models obtained from
laser range scans have been viewed as too high dimensiownaifm applications. Moreover, mesh
models of individuals lack a convenient, low-dimensiomarameterization to allow tting to new
subjects. In this paper we use the SCAPE model (Shape Cdampéetd Animation of PEople) [3]
which provides a low-dimensional parameterized mesh thigarned from a database of 3D range
scans of different people. The SCAPE model captures coecklaody shape deformations of the
body due to the identity of the person and their non-rigid creisleformation due to articulation.
This model has been shown to allow tractable estimation afrpaters from multi-view silhouette
image features [5, 11] and from monocular images in scentbspmint lights and cast shadows [4].

In [5] the SCAPE model is projected into multiple calibraiethges and an iterative importance
sampling method is used for inference of the pose and shapeést explain the observed sil-
houettes. Alternatively, in [11] visual hulls are constad from many silhouette images and the
Iterative Closest Point (ICP) algorithm is used to extrhetpose by registering the volumetric fea-
tures with SCAPE. Both [5] and [11], however, require mariiéilization to bootstrap estimation.
In this paper we substitute discriminative articulatedegpasd shape estimation in place of manual
initialization. In doing so, we extend the current modelsdiscriminative pose estimation to deal
with the estimation of shape, and couple the discriminative: generative methods for more robust
combined estimation. Few combined discriminative and giive pose estimation methods that
exist [16], typically require temporal image data and doadidress shape estimation problem.

For discriminative pose and shape estimation we use a MixtLExperts model, with kernel linear
regression as experts, to learn a direct probabilistic imgpipetween monocular silhouette contour
features and the SCAPE parameters. To our knowledge thi® igdt work that has attempted to
recover the 3D shape of the human body from monocular imagett)i. While the results are typi-
cally noisy, they are appropriate as initialization for there precise generative re nement process.
For generative optimization we make use of the method pexpos [5] where the silhouettes are
predicted in multiple views given the pose and shape paemef the SCAPE model and are com-
pared to the observed silhouettes using a Chamfer distarasure. For training data we use the
SCAPE model to generate pairs of 3D body shapes and projentagk silhouettes. Evaluation is
performed on sequences of two subjects performing frde-stption. We are able to predict pose,
shape, and simple biometric measurements for the subjeatsfnages captured Bysynchronized
cameras. We also show results for 3D shape estimation fronooutar images.

The contributions of this paper are two fold: (1) we formalatdiscriminative model for estimating
the pose and shape directly from monocular image featunels(2) we couple this discriminative
method with a generative stochastic optimization for detbéstimation of pose and the shape.

2 SCAPE Body Model

In this section we brie y introduce the SCAPE body model; fietails the reader is referred to [3].

A low-dimensional mesh model is learned using principal porent analysis applied to a registered

database of range scans. The SCAPE model is de ned by a satarhpterized deformations that

are applied to a reference mesh that consis®s wfanglesf  x;jt 2 [1;:::; T]g (hereT = 25;000).

Each of the triangles in the reference mesh is de ned by theetices in 3D spacgy:. 1; Vi. 2; Vi: 3),

and has a corresponding associated body part ipdeXx [1;:::; P] (we work with the model that

hasP = 15 body parts corresponding to torso, pelvis, head, Zsdgments for each of the upper

and lower extremities). For convenience, the trianglefiefrhesh are parameterized by the edges,
Xt = (Ve2  Ve1;Ves Vi), instead of the vertices themselves. Estimating the shade a

articulated pose of the body amounts to estimating parasjéte of the deformations required to

produce the mesh y;jt 2 [1;:::; T]g, the projection of which matches the image evidence. The

state-space of the model can be expressed by a vécterf ; ; g, where 2 RS is the global

3D position for the body, 2 R% is the joint-angle parameterization of the articulatiothwispect

to the skeleton (encoded using Euler angles), arel R® is the shape parameters encoding the

identity-speci ¢ shape of the person. Given a set of estatiqtarameter¥ a new meshti y;gcan

be produced using:

Y = Rp ()S()Q(Rp (1)) Xt 1)
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Figure 1:Silhouette contour descriptors.Radial Distance Function (RDF) encoding of the silhou-
ette contour is illustrated ira}; Shape Context (SC) encoding of a contour sample poir)in (

whereRy, () is the rigid3 3 rotation matrix for a parp; and is a function of the joint angles

S( )isthelinead 3transformation matrix modeling subject-speci ¢ shapeaatawn as a function
of the shape-space parameterf(Rp, ( )) isa3 3residual transformation corresponding to the
non-rigid articulation-induced deformations.g. bulging of muscles). Notice, th&() is simply

a learned linear function of the rigid rotation and has ncepghdent parameters. To leapt)

we minimize the residual in the least-squared sense bettieeset of70 registered scans of one
person under different (but known) articulations. It isoalorth mentioning that body shape linear
deformation sub-spac&( ) = Us + g, is learned from a set df0 meshes of different people
in full correspondence using PCA,; hencecan be interpreted as a vector of linear coef cients
corresponding to eigen-directions of the shape-spacelizaacterize a given body shape.

3 Features

In this work we make use of silhouette features for both disiciative and generative estimation of
pose and shape. Silhouettes are commonly used for humargisation [1, 2, 13, 15, 17]; while
limited in their representational power, they are easy tionege from images and fast to synthesize
from a mesh model. The framework introduced here, howevgemeral and can easily be extended
to incorporate richer features.f.edges [15], dense region descriptors [16] such as SIFT or HOG
or hierarchical descriptors [10] like HMAX, Hyperfeatur&patial Pyramid). The use of such richer
feature representations will likely improve both discriraiive and generative estimation.

Histograms of shape context. Shape contexts (SC) [6] are rich descriptors based on tte loc
shape-based histograms of the contour points sampled fremxternal boundary of the silhouette.
At every sampled boundary point the shape context descrigpfoarameterized by the number of
orientation bins, , number of radial-distance bins, and the minimum and maximum radial dis-
tances denoted hy,, andr, respectively. As in [1] we achieve scale invariance by mgkigy

a function of the overall silhouette height and normalizihg individual shape context histogram
by the sum over all histogram bins. Assuming tNatontour points are chosen, at random, to en-
code the silhouette, the full feature vector can be reptedemsingrN bin histogram. Even for
moderate values df this produces high dimensional feature vectors that are toedeal with.

To reduce the silhouette representation to a more managsiakl a secondary histogramming was
introduced by Agarwal and Triggs in [1]. In thisag-of-wordsstyle model, the shape context space
is vector quantized into a set &f clusters é.k.a.codewords). Th& = 100 center codebook is
learned by running k-means clustering on the combined s&tayie context vectors obtained from
the large set of training silhouettes. Once the codebookamkd, the quantized -dimensional
histograms are obtained by voting into the histogram bimeesponding to codebook entries. Soft
voting has been shown [1] to reduce effects of spatial qamatitin. The nal descriptoX ¢ 2 RK

is normalized to unit length, to ensure that silhouettesdbatain different number of contour points
can be compared.

The resulting codebook shape context representationnisl&téon and scale invariant by de nition.
Following the prior work [1, 13]we let =12,r =5,rj, =3, andro, = h whereh is the height
of the silhouette and is typically % ensuring integration of contour points over regions royghl
similar to the limb size [1]. For shape estimation, we foumat tombining features across multiple
spatial scalese(g. = f ; 3;:::0) to be more effective.



Radial distance function. The Radial Distance Function (RDF) features are de ned bgadure
vectorX ¢ = fpc;jipr Peiiilip2 Peii::iiipn Peiig, wherepe 2 R? is the centroid of the image
silhouette, angb; is the point on the silhouette outer contour; hejipe  pc¢jj 2 R measures the
maximal object extent in the particular direction denoted from the centroid. For all experiments,
we useN = 100 points, resulting in th& ¢ 2 R%2. We explicitly ensure that the dimensionality
of the RDF descriptor is comparable to that of shape contexdduced above. Unlike the shape
context descriptor, the RDF feature vector is neither snaletranslation invariant. Hence, RDF
features are only suited for applications where cameraredion is known and xed.

4 Discriminative estimation of pose and shape

To produce initial estimates for the body pose and/or sha@®ifrom image features, we need to
model the conditional distributiop(Y jX) of the 3D body stat& given the set of 2D features.
Intuitively this conditional mapping should be relatedhe inverse of the camera projection matrix
and, as with many inverse problems, is highly ambiguous. @dehthis non-linear relationship we
use a Mixtures of Experts (MoE) model to represent the candits [2, 17].

The parameters of the MoE model are learned by maximizingptirikelihood of the training data
setD = f(x®;yM);:::; (x(N); y(N))g consisting ofN input-output pairgx(;y(). We use an
iterative Expectation Maximization (EM) algorithm, basmdtype-II maximum likelihood, to learn
parameters of the MoE. Our model for the conditional can hewras:

hd
p(Y jX) / Pek (Y X5 ek )Pgik (KIX;  gk) 2
k=1

wherepe.k is the probability of choosing posé given the inpulX according to thé&-th expert, and
Pg:k is the probability of that input being assigned to kath expert using an input sensitive gating
network; in both cases represents the parameters of the mixture and gate distritsutespectively.

For simplicity and to reduce complexity of the experts we agekernel linear regression with
constant offsety = X + , as our expert model, which allows us to solve for the paramset
ek = T ki k; k0 analytically using the weighted linear regression, whgre(Y jX; ex) =
{oﬁexp%I okyand k=Y WX k.
Pose estimation is a high dimensional and ill-conditionexbjem, so simple least squares estima-
tion of the linear regression matrix parameters typicattydoices severe over- tting and poor gener-
alization. To reduce this, we add smoothness constraintiseolearned mapping. We use a damped
regularizationternR( ) = jj jj? that penalizes large values in the coef cient matriwvhere is
a regularization parameter. Larger values afill result in overdamping, where the solution will be
underestimated, small values ofwill result in over tting and possibly ill-conditioning. f®ce the
solution of the ridge regressors is not symmetric under dadirgy of the inputs, we normalize the
inputsf x® ; x@ ; :::: x(N) g by the standard deviation in each dimension respectiveétyrbsolving.

Weighted ridge regression solution for the parametgrand  can be written in matrix notation
as follows,

1

K _ Dy diagZy) Dx + diag( ) Zy Dy .
K - Z;(I' ZJZk Z;(I' dlaqzk) DY ) (3)
whereZy = [sz) ;zf) i z,EN )]T is the vector of ownership weights described later in théicec

and diagZy) is diagonal matrix withiZ, on the diagonalpyx = [x®:x®@;:::x(N)]andDy =
[y® ;y®@ ;. y(N)] are vectors of inputs and outputs from the training data

Maximization for the gate parameters can be done analijtieal well. Given the gate model,

Pgk (KiX; gx) = pﬁexp FX 07 X W maximization of the gate parameters
k
p ik = f ; xg becomes similar to th% mixture of Gaussians estimation, revhe =
he 2 xm=" 0 2V = e (L 2™ (™ T andZ) s the

n=1 Zk



estimated ownership weight of the examplby the experk estimated by expectation
o Pek (ixM e )pgik (Kix(™; k)

i=1 Pei (YMiXM5 e )pg (x5 g5)
The above outlines the full EM procedure for the MoE model. [@éen three separate models for

shapep( jX), articulated posg( jX) and global positionp( jX). Similar to [2] we initialize the
EM learning by clustering the output 3D poses using the Kymgaocedure.

2" =
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Implementation details. For articulated pose and shape we experimented with usitig RDF
and SC features (global position requires RDF featurees8t is location and scale invariant).
SC features tend to work better for pose estimation wherddsfRatures perform better for shape
estimation. Hence, we leam( jX ¢ ), p( jXs) andp( jX:g ). In cases where calibration is
unavailable, we estimate the shape ugiigX sc) which tends to produce reasonable results but
cannot estimate the overall height. We estimate the nunflmeixture componentdyl , and regular-
ization parameter,, by learning a number of models and cross validating on thiehsld dataset.

5 Generative stochastic optimization of pose and shape

Generative stochastic state estimation, as in [5], is lehdithin an iterative importance sampling
framework [8]. To this end, we represent the posterior istion over the state (that includes
both pose and shapeg)(Yjl) / p(1jY)p(Y), using a set oN weighted samplesy;; g\,

wherey;  q(Y) is a sample drawn from the importance functigfy ) and ; / PUXJEN)

is an associated normalized weight. As in [5] we make no dgsmrobabilistic claims about the
generative model, but rather use it as effective means édmpeing stochastic search. As required
by the annealing framework, we de ne a set of importance fions g (Y ) from which we draw
samples at each respective iteration’Ve de ne importanE,e functions recursively using a smodthe
version of posterior from the previous iteratign (Y) = = v, N (y"; ®)), encoded using
a kernel Gaussian density with iteration dependent barttvpidrameter (¥). To avoid effects of
local optima, the likelihood is annealed as followas(1 jY ) = [ p(1jY )] at every iteration, where
Ty is the temperature parameter. As a result, effects of peakeilikelihood are introduced slowly.

To initiate the stochastic search an initial distributisnneeded. The high dimensionality of the
state space requires this initial distribution to be retdi close to the solution in order to reach
convergence. Here we make use of the discriminative poselaapke estimate from Section 4 to
give us the initial distribution for the posterior. In parlar, given the discriminative model for the
shapep( jX), position,p( jX), and articulated pos@( jX), of the body, we can let (with slight

abuse of notation)i(o) [pC i X);p( jX);p( jX)] and i(o) =1=N fori 2 [1;:::;N].

The outlined stochastic optimization framework also reggian image likelihood functiop(ljY ),
that measures how well our model under a given statmatches the image evidende,obtained
from one or multiple synchronized cameras. We adopt thditi@ed function introduced in [5]
that measures the similarity between observed and hype#ukesilhouettes. For a given camera
view, a foreground silhouette is computed using a shadqprassing background subtraction pro-
cedure and is compared to the silhouette obtained by piogettie SCAPE model subject to the
hypothesized state into the image plane (given calibrgiemameters of the camera). Pixels in the
non-overlapping regions are penalized by the distanceetaltfsest contour point of the silhouette.
This is made ef cient by the use of Chamfer distance map prgeded for both silhouettes.

6 Experiments

Datasets. In this paper we make use 8fdifferent datasets. Thieaining dataset, used to learn
discriminative MoE models and codeword dictionary for S@swgenerated by synthesiziBO0
silhouette images obtained by projecting correspondingF¥Cbody models into an image plane
using calibration parameters of the camera. SCAPE body Imoadeturn, were generated by ran-
domly sampling the pose from a database of motion captuee(dansisting of generally non-cyclic
random motions) and the body shape coef cient from a unifdistribution centered at the mean
shape. Similar synthetitest datasetwas constructed consisting 687 silhouette-SCAPE body
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Figure 2: Discriminative estimation of weight loss. Two images of a subjedieforeand after
weight loss are shown ira) on the left and right respectively. The images were dowdaoiafrom

the web (Google) and manually segmentbjl (The estimated shape and pose obtained by our
discriminative estimation procedure is showndh (n bottom row, we manually rotated the model
90 degreesfor better visibility of the shape variation. Since cameadiration is unavailable, we
usep( jXsc) and normalize thbeforeandafter shapes to the same reference height. Our method
estimated that the person illustrated in the top row R#stb and the one illustrated in the bottom
row — 32 Ib; web-reported weight loss for the two subjects R4ddb and64 |b respectively. Notice
that the neutral posture assumed in images was not preseut training data set, causing visible
artifacts with estimation of the arm pose. Also, the bottomnaple pushes the limits of our current
shape model which was trained using oh@/scans of people, none close to the desired body shape.

model pairs. In addition, we collectedreal datasetconsisting of hardware-synchronized motion
capture and video collected usidgcameras. Two subjects were captured performing roughly the
same class of motions as in the training dataset.

Discriminative estimation of shape.Results of using the MoE model, similar to the one introduced
here, for pose estimation have previously been reported]iafd [17]. Our experience with the
articulated pose estimation was similar and we omit supppexperiments due to lack of space.
For discriminative estimation of shape we quantitativelgnpared SC and RDF features, by training
two MoE modelsp( jX <) andp( jX 4 ), and found the latter to perform better when camera
calibration is available (on the average we achie%€:8 % performance increase over simply using
the mean shape). We attribute the superior performance &f fleBxures to their sensitivity to the
silhouette position and scale, that allows for better eatiiom of overall height of the body.

Given the shape we can also estimate the volume of the bodyssuining constant density of
water, compute the weight of the person. To illustrate thesastimate approximate weight loss of
a person from monocular uncalibrated images (see FigurBl2ase note that this application is a
proof of concept and not a rigorous experintenin principle, the SCAPE model is not ideal for
weight calculations, since non-rigid deformations causgdrticulations of the body will result in
(unnatural) variations in weight. In practice, however, faend such variations produce relatively
minor artifacts. The weight calculations are, on the otlardh very sensitive to the body shape.

Combining discriminative and generative estimation. Lastly we tested the performance of the

combined discriminative and generative framework by estiing articulated pose, shape and bio-

metric measurements for people in gaal dataset Results of biometric measurement estimates
can be seen in Figure 3; corresponding visual illustratioesults is shown in Figure 4.

Analysis of errors. Rarely our system does produce poor pose and/or shape estinTgpically
these cases can be classi ed into two categories: (1) mimorsethat only effect the pose and are
artifacts of local optima or (2) more signi cant errors tledfiect the shape and result from poor initial
distribution over the state produced by the discriminatiethod. The latter arise as a resuli8D-
degree view ambiguity and/or pose con guration ambigsit@due to symmetry, in the silhouettes.

The “ground truth” weight change here is self reported and gathesedthe Internet.



Discriminative || Disc. + Generative| GT + Generative

Biometric Feature| Actual | Mean | Std | Mean | Std Mean | Std
S [ Height (nm) 1780 || 1716.1] 41.9 || 1776.2] 43.8 | 1796.9] 22.9
€ | Arm Span (nm) 1597 || 1553.6| 39.7 || 1597.3 58.0 1607.7| 30.7
< | Weight kg) 88 83.62 | 8.94 || 83.37 8.01 85.83 | 3.73
S | Height (mm) 1825 || 1703.8| 88.8 || 1751.0 95.2 1844.1] 63.8
€ | Arm Span (nm) 1668 || 1537.7| 69.2 || 1547.5 91.4 1659.0f 29.1
@ | Weight kg) 63 80.63 | 18.53| 64.98 9.27 66.33 | 4.69

Figure 3:Estimating basic biometric measurementsFigure illustrates basic biometric measure-
ments (height, arm spaand weight) recovered for two subjects A and B. Mean and stahdevi-
ation reported over 34 and 30 frames for subject A and B respdc Every25-th frame from two
sequence obtained usidgsynchronized cameras was chosen for estimation. The aoemdured
values for the two subjects are shown in the left column. niatiés obtained using discriminative
only and discriminative followed by generative shape estion methods are reported in the next
two columns. Discriminative method used only one view fdineation, where as generative method
used alk views to obtain a better t. Last column reports estimatemoted using ground truth pose
and mean shape as initialization for the generative t (thighe algorithm proposed in [5]). Notice
that generative estimation signi cantly re nes the disonnative estimates. In addition, our ap-
proach, that unlike [5] does not require manual initiali@at performs comparably (and sometimes
marginally better than [5]) in terms of mean performancé fias roughly twice the variance).

7 Discussion and Conclusions

We have presented a method for automatic estimation ofiéated pose and shape of people from
images. Our approach goes beyond prior work in that it is @blestimate a detailed parametric
model (SCAPE) directly from images without requiring maninéervention or initialization. We
found that the discriminative model produced an effectiigdlization for generative optimization
procedure and that biometric measurements from the reedefiape were comparable to those pro-
the problem of discriminative estimation of shape from nmnar calibrated and un-calibrated im-
ages. More accurate shape estimates from monocular dataguiire richer image descriptors.

A number of straightforward extensions to our model willelik yeld immediate improvement in
performance. Among such, is the use of temporal consistienttye discriminative pose (and per-
haps shape) estimation [17] and dense image descriptdrdifldddition, in this work we estimated
the shape space of the SCAPE model from dihpody scans, as a result the learned shape space
is rather limited in its expressive power. We belive somehefartifacts of this can be observed in
Figure 2 where the weight of the heavier woman is underegtidna
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