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Abstract
In this paper, we address the problem of reconstructing 3D trajectories given only 2D point projection trajectories of an articulated structure. Hitherto, most
applications of articulated trajectory reconstruction require: (i) relative lengths, and (ii) camera motion. We
propose a novel extension that allows us to in many circumstances circumvent these limitations. Of particular
note is our characterisation theoretically and demonstration empirically how agnostic one be to camera motion when using a DCT basis. Practical reconstructions
of non-human articulated structures are depicted (e.g.
koala, sea snake, tasmanian tiger) where articulated
lengths and camera motion are unknown.

1. Introduction
Trajectory basis non-rigid structure from motion
(NRSFM) refers to the problem of reconstructing a
point trajectory from 2D projections using a lowdimensional trajectory basis. Unfortunately, trajectory
basis NRSFM suffers from poor reconstruction for realistic/slow camera motion [5]. Recently, Park and
Sheikh [4] proposed an articulated trajectory approach
which was able to successfully reconstruct 3D structure
for slow camera motion but requires, a priori, known
relative camera motion and relative articulated lengths.
Bundle adjustment approaches for estimating relative camera motion from a sequence of images relating
to the same moving scene is now a well understood science in computer vision. The approach, however, relies
heavily upon textured areas of the image relating to the
rigid scene. These textured areas are employed to estimate point correspondences between adjacent frames
from which camera motion estimates can be obtained.
This becomes problematic when we employ video sequences containing non-rigid objects as the rigid background texture is either often: (a) out of focus making the background not usable for estimating correspondences, or (b) sometimes nonexistent (e.g. white building, blue sky, dusty ground, etc.). Further, the relative articulated lengths of the non-rigid objecting being
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Figure 1: Park et al. [4] recently proposed an approach
to reconstruct smooth articulated trajectories given that
the cameras and relative length are known (e.g. a person). In comparison, our method can reconstruct such
trajectories where lengths and cameras are unknown
(e.g. tasimania tiger), but the camera motion be smooth.
analysed are often not known such as non-human articulated objects (e.g. animals). These two dilemmas (see
Figure 1) are at the heart of this paper.
In this paper we propose an extension to the articulated trajectory reconstruction approach of Park and
Sheikh [4] for when the camera motion and the articulated relative lengths are unknown. Specifically we: i)
Extend Park and Sheikh’s approach [4] to include both
perspective and affine cameras, the affine camera extension entertains the estimation of relative articulated
lengths. For the affine camera case, we theorise that for
slow moving cameras good reconstruction performance
can still be attained without knowing the camera motion, making the algorithm practically “camera-less”.
ii) Depict practical 3D reconstructions from a range
of 2D video sequences containing articulated structures
(e.g. koalas, Tasmanian tigers, sea-snakes, and humans)
with unknown relative lengths as well as backgrounds
unsuitable for bundle adjustment camera estimation.

2. Problem
Each point xti 2 R3 imaged as wti 2 R2 by a pinhole camera for all t 2 {1, . . . , F } and i 2 {1, . . . , N },
we drop the subscripts for convenience,
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The projective equality in Equation 1 yields the underdetermined 2 ⇥ 3 system of linear equations.
Qx = u,

(2)

where Q = R wcT and u = bw d. When P
represents an affine camera,
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3. Articulated Trajectory Reconstruction
Parent i and child j points are connected in an articulated structure at time t if,
|| xtj ||2 = `2ij

(4)

8t,

where xtj = xtj xti and `ij is a constant length
between these two points. When xti is known, the projection of xtj to utj defines an under-determined 2 ⇥ 3
system of equations in xtj ,
Qt xtj =

(5)

utj ,

where utj = utj uti .
Since the nullspace of Q is one dimensional, it can
be represented as a single vector v 2 <3 , one can decompose
xtj = x0tj + ↵tj v ,
(6)
where x0tj is the portion of xtj lying solely in the
subspace of Q and ↵ is a scalar. Substituting this decomposition into Equation 4, we get
↵tj = ↵
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where sj 2 { 1, 1}F is the sign in each frame,
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xj = 4 ... 5 , ↵j = 4 ... 5 ,
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where ek is the k-th column of an identity matrix.
Dropping the subscripts again for convenience, the
orthogonal component of the relative trajectory is,
k xk2M = k x0 k2M + k↵
¯+

↵ sk2VT MV . (11)

The vector s⇤ that gives the “smoothest” trajectory in
terms of the basis is thus determined,
⇤

s = arg min k↵
¯+
s2RF

↵

subject to s s = 1 ,

4. Camera-less Reconstruction
The central focus of this work is how to reconstruct
a 3D articulated trajectory when the camera matrix Q
is unknown.We made two simplifying assumptions to
aid ourselves in this task: (i) an affine rather than perspective camera, and (ii) the scale of the projection is
constant, or can be inferred. In the affine camera case,
we are able to use an existing approach for estimating
articulated lengths [6, 7], where the length of an edge is
approximated by the longest observed projection, after
normalization for scale.
In the affine camera model, a point xti in the world
coordinate frame is transformed into the camera coordi(c)
nate frame xti such that,
(c)

xti = R⇤t xti + d⇤t .

sk2VT MV

(12)
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Interpreting the point from the camera coordinate frame
enables us to entertain a projection matrix which is constant up to scale,
(c) (c)

(7)

↵tj .

We follow the idea of solving sign for arcticulated
structure by employing trajectory basis in Park et al.’s
work [4], the solutions for the articulated trajectory of
point i related to the parent point j are parametrized by
xj =

T
where M = I
is the orthogonal projector to
the column-space of , k x0 kM = x0T M x0 . We
employ Goemans et al.’s approach [2] to optimize this
problem in function 12. Note that as ↵
¯ ! 0, the case
where an affine camera is a good assumption, the objective becomes invariant to a global sign ambiguity in s.

wti = Rt xti ,

(14)
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and the scale t can be estimated from a reference object near the non-rigid structure or from some rigid substructure using Tomasi-Kanade factorization [6].
Further, if the trajectory of a point in camera coordinates lies on the basis,
x(c) ⇡

⇤

(c)

,

(16)

then one can reconstruct the 3D structure in the camera’s coordinate frame without knowing camera parameters, provided that no trajectories with flipped signs
also lie on the basis. A drawback to this approach is that
the reconstructed 3D trajectory x(c) encompasses both
the non-rigid motion of the articulated structure and the
rigid motion of the camera, but is still extremely useful for obtaining a 3D reconstruction of the articulated
structure.

4.1. Bound for Trajectory Basis
The remaining critical question is: how to find the
size of basis ⇤ to represent trajectories in camera coordinates in function 16 given that x ⇡
in world coordinates. It is possible to establish a bound on the size of
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different types of articulated structures.

5.1. CMU Mocap
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Figure 2: The camera motion is represented by KR basis. The object motion is represented by KN R basis.
If consider the camera be stationary, it is equal to add
the camera motion into object motion. Our method assumes a stationary camera and reconstruct the points
motion including the camera motion with basis size of
(KR + KN R ).
basis which must be used to represent a smooth trajectory in the reference frame of a smooth camera for the
specific case of a Discrete Cosine Transform (DCT) basis. The DCT basis has been nearly universally used in
all previous work in trajectory basis NRSFM [1, 3, 4, 5]
for its ability to represent smooth trajectories.
Let the points of a trajectory {xt }F
t=1 and the parameters of cameras {R⇤t , d⇤t }F
be
formed
t=1
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If the trajectories x and d⇤ lie on the basis
they can be expressed
xm (t) =

K
NR
X

k (t) mk ,

k=1
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then
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where k (t) gives the t-th entry of column k in , KN R
is the number of DCT basis to present the points trajectory. Following the work of Gotardo and Martinez [3],
we say that a rotation matrix R⇤ is smooth with respect
to the basis if it can be expressed
KR
X

k (t)⇣ijk ,

(19)

k=1

where KR is the number of DCT basis to represent
the camera rotation. Intuitively, since each component
(c)
of xt is a linear combination of the product of two
cosines and due to the trigonometric identity
cos(x) cos(y) =

1
2

[cos(x

y) + cos(x + y)] , (20)

the resulting trajectory will be represented by (KR +
KN R ) DCT basis as shown in Figure 2.

5. Experiments
Our method has been evaluated quantitatively using synthetic projection of the CMU Motion Capture
dataset1 and qualitatively with real world examples for
1 http://mocap.cs.cmu.edu/

5.2. Real Sequences
Figure 4 demonstrates practical reconstruction results on real world video sequences of different articulated structures where the relative articulated length
is unknown and camera estimation would be difficult
or impossible as there are no texture rigid background
available (the koala, Tasmanian tiger and sea snake) or
limited view (Lola). For the purpose of demonstration,
2D point correspondences were manually labeled.

6. Discussion and Conclusions
k (t) mk ,

k=1

rij (t) =

Figure 3 (a) presents the normalized RMS error of
the canonical trajectory method, the articulated trajectory method and the camera-less approach for different camera speed. While the articulated trajectory approach was provided with the ground truth lengths, our
method estimated the lengths using the maximally extended projection. For slow cameras, our method performs close to the articulated reconstruction method
which has knowledge of the cameras and articulated
length. Figure 3 (b) presents the basis size KR for camera rotation versus varying camera speed and Figure 3
(c) shows the actual optimal basis size consistent with
the predicted basis size from Section 4. The optimal
basis size is obtained through exhaustive search.

In this work, we proposed a camera-less approach for
reconstructing articulated trajectories observed by realistic/slow motion camera. We characterized the condition under which trajectories can be reconstructed
without known camera motion. Practical results were
demonstrated on several real-world videos.
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Figure 3: (a) Normalised mean reconstruction error versus camera speed. Cannonical trajectory basis approach [5]
relies on known fast camera motion. Articulated trajectory approach [4] required known articulated relative lengths
and camera motion. The proposed cameraless articulated trajectory method depends on slow camera motion and
avoids camera estimation at the small cost of increasing reconstruction error for fast camera motion. Fortunately,
in most practical applications, camera motion is slow and smooth. (b) The basis size (KR ) for representing camera
motion versus camera speed. (c) The actural basis size and the predicted basis size (KN R + KR ) for representing
point trajectories in camera coordinates versus camera motion basis size KR .

Figure 4: The reconstruction of several sequences from two novel views for real world
video that camera estimation would be difficult as significant perspective effects are only
observed for a handful of frames or no texture rigid background avaiable.

