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Abstract

We propose a new approach to estimate gait kinemat-
ics from image sequences taken by a monocular uncal-
ibrated camera. This approach involves two generative
models for gait representations in the kinematic and vi-
sual spaces, which induce two gait manifolds that char-
acterize the gait variability in terms of the kinematics
and visual appearance. A manifold topology enforce-
ment scheme is introduced to incorporate the two gait
manifolds. Moreover, a new particle filtering algorithm
is proposed for dynamic gait tracking and estimation
where a segmental jump-diffusion Markov Chain Monte
Carlo (MCMC) technique is developed to accommodate
the dynamic nature of the gait variability. The proposed
algorithm is trained from CMU Mocap data and tested
on the HumanEva dataset with promising results.

1. Introduction

Video-based human motion estimation has recently
received great interest due to its wide applications, and
it also has been promoted by recent advancements in
the fields of computer vision and machine learning. It is
still a challenging topic due to the variability, complex-
ity and nonlinearity of human motion as well as the un-
certainty and ambiguity of observed image sequences.
In this work, we are interested in the estimation of hu-
man body configurations from image sequences taken
by an uncalibrated monocular camera. Specifically, we
focus the human gait that is useful for biometrics and
biomechanical modeling applications. The existing ap-
proaches for video-based human motion estimation can
be roughly classified into two categories, i.e., the dis-
criminative and generative methods.
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For discriminative approaches, the relationship be-
tween observations and kinematics is learnt directly
from training data where prior constraints and infer-
ence methods play important roles. In [3], the image-
pose relationship is learnt via the relevance vector ma-
chine (RVM). In [10], an exemplar database was de-
veloped that characterizes human poses by both image
data and kinematic data, and the training and test data
have to be same. One recent work in [14] introduced the
body symmetric correlation as prior in the particle filter-
based inference framework where the average joint es-
timation error is around 140mm.

Generative methods usually involve a prior motion
model. In [13], a maximum a posteriori (MAP) es-
timation framework was incorporated into the Gaus-
sian Process Latent Variable Model (GPLVM) where
observations are 2D feature points extracted from im-
ages. In [7], a nonlinear tensor decomposition tech-
nique was proposed that combines both manifold learn-
ing and multilinear tensor decomposition. It provides a
generative model for human motion based on which the
human pose can be inferred from body silhouettes. In
[5, 6], two low dimensional motion representations are
learnt from gait kinematics and visual silhouettes, and
a non-linear mapping between the two models was es-
tablished for motion estimation. Most methods above
cannot estimate unknown gait kinematics.

Here we will significantly extend the method in [7]
in order to estimate unknown gait kinematics from im-
age sequences captured by an uncalibrated camera. Our
assumption is that a new human gait can be extrapo-
lated from a set of representative gaits. We develop
two generative models to represent human gaits in both
the kinematic and visual spaces, which induce two gait
manifolds to capture the gait variability in terms of kine-
matics and appearance. We develop a manifold topol-
ogy enforcement technique to incorporate two gait man-
ifolds. Moreover, a new particle filtering algorithm is
proposed for dynamic gait tracking and estimation.
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2. Proposed Algorithm

The highlight of our research is the two gait gen-
erative models that are learnt in the kinematic space
(gait motions) and visual space (gait silhouettes) respec-
tively. In the following, we will discuss (1) how to ob-
tain the two generative models; (2) how to establish the
mapping relationship between two generative models;
(3) how to support dynamic gait tracking and estimation
by using two generative models and their relationship.

Figure 1. The two gait generative models that are
learnt in the kinematic and visual spaces respectively.
The two models are associated through the non-linear
mapping function between two gait manifolds induced
by the two generative models.

2.1 Dual Gait Generative Models

We will involve two gait generative models, namely
the kinematic gait generative model (KGGM) and the
visual gait generative model (VGGM). Both of them
are learnt from a large training data set by using non-
linear tensor decomposition proposed in [7] that com-
bines manifold learning with multi-linear analysis for
human motion representation.

2.1.1 Kinematic Gait Generative Model (KGGM)

We represent a set of gait kinematics as a sequence of
Euler angles of each joint estimated from motion cap-
ture data. The KGGM characterizes the kinematics of
a gait by two independent factors, the pose (a certain
stage in a complete walking cycle) and the gait type (the
gait individuality), both of which can be specified along
a low dimensional manifold. For a periodic gait motion,
we can define a 2D circle to represent the generic gait
independent pose manifold.

For gait i of Np poses, its k-dimensional kinemat-
ics is denoted by Zi = {z(i,q) ∈ R

k, q = 1, ..., Np}
and corresponding poses are represented by P =
{pq ∈ R

2, q = 1, ..., Np} that are uniformly sampled
from the pose manifold. A generalized Radial Ba-
sis Function (RBF), ψ(p) = [φ(p, c1), ..., φ(p, cNc

)]T

where {cl|l = 1, ..., Nc} are the kernel centers along
the pose manifold, is used for the non-linear mapping
R

Nc → R
k, and mapping coefficients are encapsulated

into a matrix Di. All gait-dependent mapping matrices
{Di|i = 1, ..., Ng} (Ng training gaits) can be stacked
as a tensor and the high order singular value decompo-
sition (HOSVD) is applied to get a coefficient vector κi

for each gait type. The generative model is defined as

z(i,q) = A×1 κi ×2 ψ(pq), (1)

where A is a 3-order core tensor. Given a gait type κi,
this model can synthesize the body configuration of any
pose pq defined along the circular manifold.

2.1.2 Visual Gait Generative Model (VGGM)

Additionally, we invoke the VGGM to represent a gait
silhouette by four independent factors, i.e., the pose,
the gait type, the view (under which the human is ob-
served), and the body shape (the shape individuality).
Using the same pose manifold, a d-dimensional gait sil-
houette y ∈ R

d can be generated by the VGGM as,

y(k,j,i,q) = C ×1 vk ×2 sj ×3 νi ×4 ψ(pq), (2)

where C is the 5-order core tensor. vk, sj , νi represent
the view, shape, and gait type respectively. It is worth
mentioning that the gait type variables κi in (1) and νi

in (2) specify a gait type in the kinematic and visual
spaces respectively. We can also obtain a view mani-
fold by using the spline fitting method [7] that can gen-
erate the coefficient vector of an arbitrary view. A new
shape can be created by a linear convex combination of
a set of shape coefficient vectors learnt from the VGGM
training. The learning of VGGM requires a large set
of gait animations created by commercial software Mo-
tionBuilder that involves several 3D character models
and various gait motion data.



2.2 Mapping between Two Generative Models

One key issue is how to find a mapping relationship
between the KGGM and VGGM, by which we can infer
unknown gait kinematics from gait silhouettes. Here we
advocate a concept of gait manifold that captures gait
variability among individuals. We can obtain two 1-D
gait manifolds from the two generative models by using
the spline fitting method that was used for view mani-
fold generation in [7]. However, unlike the view mani-
fold that has a clear intrinsic structure (the view order),
the underlying structure of gait types is unknown. We
use the shortest path to link all gait type vectors that was
found effective to explore the unknown intrinsic low-
dimensional structure in the coefficient space [12].

Hence two (kinematic/visual) gait manifolds can be
obtained from the KGGM and VGGM that capture the
gait variability in the kinematics and visual spaces.
However, they may not share the same topology (the or-
der of gait types along the manifold) due to their differ-
ent natures. Because our goal is to estimate an unknown
gait in the kinematic space, we want that the visual gait
manifold is compliant with the kinematic one. We pro-
pose a manifold topology enforcement technique to en-
sure the consistency between the two manifolds (Fig. 1).
Afterwards, a non-linear mapping function between two
manifolds is learnt using the RBF [4] that fills the gap
between the KGGM and VGGM. Essentially, kinemat-
ics of a new gait is estimated by non-linear interpolation
from training gaits along the kinematic gait manifold.

2.3 Dynamic Gait Estimation

The VGGM suits well the Bayesian framework,
where four latent variables (xt = [pt,vt, st,νt]) evolve
according their own dynamics as shown in Fig. 2.
Specifically, we use a constant speed dynamic model
for pose (pt) along the pose manifold, a random walk
for view (vt) along the view manifold, and a random
walk for shape (st) in the coefficient space. We define
p(yt|xt) that computes the likelihood of observation yt

given xt and involves silhouette synthesis defined in (2).
At each time step, the four variables are estimated se-
quentially and iteratively via a MCMC-based particle
filter (pt → vt → st → νt → pt...). We need a special
treatment for νt that usually may vary near the contact
pose (as defined in [1]) in a long gait sequence. Hence,
we need a mixed dynamics for νt that can exploit (e.g.,
jump) and explore (e.g., diffusion) along the gait mani-
fold. Also, the segmental modeling [9] is needed where
each segment corresponds a half walking cycle with a
stable gait type. We propose a segmental jump-diffusion
MCMC algorithm to estimate νt.

Figure 2. The graphic model for the inference.

We define a segmental prior to control the mixed
dynamics of ν, Pseg = βe−τp

2/2δ2 ∼ (0, 1] where
τp is the distance from pose p to contact pose along
the pose manifold. To simplify the inference, we in-
troduce a scalar gait variable ν that is defined along
a circle and can be mapped to the vector gait variable
ν defined in the VGGM, i.e., ν ↔ ν. ν is assumed
to have M modes each of which is characterized by a
Gaussian, i.e., {N (ν;μr, δ

2
r)|r = 1, ...,M}. We use a

mixed dynamics to infer ν or ν that includes jump (the
switch between modes) and diffusion (the estimation
within a mode). Initially, M modes are uniformed dis-
tributed with large variances along the circle, and will
be updated during the inference in an annealing fashion.
The Metropolis-Hasting algorithm is used here where
the acceptance ratio of the candidate gait type ν∗ or

ν∗ is α = min
{

1, P(ν∗)Q(ν(i)|ν∗)
P(ν(i))Q(ν∗|ν(i))

}
, where P(ν∗) is

the posterior probability p(ν∗
t |yt,xt−1) determined by

p(yt|xt) and previous estimation, and Q(·|·) is the pro-
posal distribution of the dynamics of ν∗. The pseudo-
code of the gait type inference is listed below.

• Initialize the sample ν
(0)
t = νt−1 and its underlying mode

m
(0)
t = mt−1, as well as the diffusion variance σ2

d.

• Compute the segmental prior Pseg .

• FOR i = 1, ..., (B + MN) (N is the number of samples, B is
the burn-in period and M is the thinning interval.)

1. Randomly sample γ ∼ U [0, 1].

– IF Pseg ≥ γ, Jump. Randomly select a

mode m∗ and sample ν∗ using Q(ν∗|ν(i)
t ) =

N (ν∗; μm∗ , δ2
m∗ ). Compute α.

– ELSE Diffusion. Sample ν∗ from Q(ν∗|ν(i)
t ) =

N (ν∗; ν
(i)
t , σ2

d). Compute α.

2. Randomly sample η ∼ U [0, 1].

– IF α ≥ η them accept ν∗ as ν
(i+1)
t = ν∗.

∗ IF ν∗ is generated by diffusion, σd ← σ
1

lD
d

(l is an annealing constant and D is the num-
ber of diffusion samples).

– ELSE, reject ν∗ and let ν
(i+1)
t = ν

(i)
t .

• Return the new sample set {ν(n)
t }Nn=1. νt is the mean of all

samples and the estimated mode is obtained by the maximum
likelihood estimation, i.e., mt = arg maxr N (νt|μr, δ2

r ).

• Update mode mt in terms of the mean and variance: μmt ←
1
2
(μmt + νt), δmt ← δ

1
ct
mt , where c is an annealing constant.



Figure 3. Experimental results (from top to bot-
tom: input silhouettes, synthesized silhouettes, the
estimated/ground-truth gait kinematics (the stick man
with/without circle)).

3. Experimental Results and Discussions

We used CMU Mocap data [2] and HumanEva-I data
[11] as the training and test data respectively. Specifi-
cally, we used 20 gait motions to learn the kinematic
gait generative model. We also created 1,200 gait an-
imations by using MotionBuilder that is composed of
20 gait motions, 12 views, and 5 body shapes, and each
gait animation has 30 poses. Motion retargetting pro-
vided by MotionBuilder was used to ensure the com-
patibility between the gait motion data and 3D charac-
ter models. HumanEva provides video sequences and
corresponding gait motion data. Three video sequences
were used, each of which has one person walking along
a circle. We used a background substraction method
to obtain gait silhouettes that are followed by manual
clean-up and normalization. Since the training and test
data have different marker configurations that compli-
cate gait matching, we used a skeleton mapping scheme
that can make gait kinematics from different marker
systems more compatible and comparable [8].

Fig. 3 illustrates experimental results on gait synthe-
sis and estimation, and Table 1 shows numerical results
on three subjects where our algorithm has four imple-
mentations. Firstly we examine the capability of the
KGGM for gait synthesis by computing the lower er-
ror bound (LEB) of gait approximation. Alg-1 is the
implementation with a basic particle filter without dy-
namic gait tracking; Alg-2 is the implementation where
the gait type is fixed to be the one estimated from Alg-
1. Alg-3 is the implementation where the particle filter
is embedded with the segmental jump-diffusion MCMC
for dynamic gait tracking and estimation, and Alg-4 is
the same as Alg-3 except that the M modes of the gait
type variable are learnt from Alg-3. The overall error is
computed by averaging 14 joints’ errors (30 DOF) over
the whole sequence. The estimation results are obvi-
ously improved progressively from Alg-1 to Alg-4. By
comparing with [14], our results are very promising.

Subjects LEB Alg-1 Alg-2 Alg-3 Alg-4 [14]
S1 32.20 77.45 69.14 66.18 61.86 140.35
S2 46.25 91.42 80.81 78.76 73.34 149.37
S3 44.87 98.72 87.50 82.35 78.39 156.30

Table 1. Gait estimation errors (mm) on HumanEva.

4. Conclusion

We have proposed dual generative models to esti-
mate gait kinematics from video sequences captured by
an uncalibrated camera. The two generative models
provide a general gait representation in the kinematic
and visual spaces respectively. A manifold enforcement
technique is proposed to fill the gap between two gen-
erative models, so that we can infer unknown gait kine-
matics from visual observations. A new particle filter-
ing algorithm is proposed to support dynamic gait track-
ing and estimation and achieves state-of-the-art results.
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