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(57) ABSTRACT

A system and method for estimating a sequence of human
poses in an unconstrained video. In the present invention, a
unified two stage, tree-based, optimization problem is solved
for which an efficient and exact solution exists. While the
proposed method finds an exact solution, it does not sacrifice
the ability to model the spatial and temporal constraints
between body parts in the video frames on the unconstrained
video.
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SYSTEM AND METHOD FOR HUMAN POSE
ESTIMATION IN UNCONSTRAINED VIDEO

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to currently U.S. Provi-
sional Patent Application No. 62/291,869 filed on Feb. 5,
2016 and entitled “Human Post Estimation in Unconstrained
Video”, which is herein incorporated by reference in its
entirety.

FIELD OF INVENTION

The present invention is directed to a system and method
for estimating a sequence of human poses in one or more
unconstrained videos.

BACKGROUND OF THE INVENTION

Human pose estimation is crucial for many computer
vision applications, including human computer interaction,
activity recognition and video surveillance. It is a very
challenging problem due to the large appearance variance,
non-rigidity of the human body, different viewpoints, clut-
tered background, self occlusion, etc. Single image-based
pose estimation methods known in the art can be applied to
each video frame to generate initial pose estimations and a
further refinement through frames can be applied to make
the pose estimations consistent and more accurate. However,
due to the innate complexity of video date, the problem
formulations of most video-based human pose estimation
methods are very complex (usually NP-hard), therefore,
approximate solutions have been proposed to solve them
which result in sub-optimal solutions. Furthermore, most of
the existing methods model body parts as a tree structure and
these methods tend to suffer from double counting issues,
wherein symmetric parts, for instance left and right ankles,
are easily mixed together.

Kinect is known in the art as a motion sensing input
device that can be used with Microsoft® Xbox 360 and
Xbox One video game consoles and with Windows® PCs.
Kinect utilizes a webcam-style add-on peripheral that allows
users to control and interact with their console/computer
without the need for a hand-held game controller. In general,
the webcam provides an unconstrained video and the motion
sensing input device provides a user interface to the gaming
system using human body poses and gestures.

In the computer/digital gaming industries, such as those
systems using unconstrained video and motion sensing input
devices, it is very important to estimate the human poses to
provide a better human-computer interface. Additionally, in
the field of video surveillance and action/activity recogni-
tion, it is also crucial to be able to estimate human poses in
unconstrained video feeds to allow further automatic analy-
sis of the video.

Systems requiring video cameras and complex motion
sensing input devices are prohibitively expensive, which
severely limits the application of the systems. In addition,
other human pose estimation methods known in the art that
utilize a standard video camera are mainly designed for the
estimation of still images, in contrast with video.

Accordingly, what is needed in the art is a more efficient
and cost-effective solution for estimating human poses in
unconstrained video.

SUMMARY OF INVENTION

The present invention provides a method to estimate a
series of human poses in an unconstrained video requiring
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only a standard video camera for capturing the video. This
is in contrast with the prior art methods, which rely on depth
sensors that consist of an infrared laser projector combined
with a monochrome CMOS sensor, which captures video in
3D. Eliminating the need for a specialized depth sensor
reduces the overall cost of the system, thereby reducing the
user’s financial investment in the equipment. Additionally,
since the present invention is designed for use with any
ubiquitous video camera, it is applicable in many more
situations thereby expanding its utility into an increasing
number of potential markets.

In various embodiments, the present invention provides a
method for estimating human poses in an unconstrained
video. The method includes, receiving, at a computing
device comprising hardware components and software pro-
grams, an unconstrained video comprising a plurality of
consecutive frames. Following receipt of the video frames,
the method further includes, generating a plurality of best
full body pose hypotheses for each of the plurality of
consecutive frames, extracting a plurality of real body part
nodes from each of the plurality of best full body pose
hypotheses and generating a real body part hypotheses for
each of the plurality of real body part nodes extracted from
the plurality of best full body pose hypotheses. The method
further includes, combining symmetric real body part nodes
to identify a plurality of abstract body part nodes, generating
a plurality of abstract body part hypotheses from the plu-
rality of abstract body art nodes and each of the real body
part hypotheses, generating an optimal tracklet for each of
the abstract body part hypotheses and estimating a human
pose in the unconstrained video based upon the abstract
body part tracklets using tree-based optimization.

In the present invention, the real body part nodes are
selected from head, neck, right elbow, left elbow, right wrist,
left wrist, right hip, left hip, right knee, left knee, right foot
and left foot. In addition, the abstract body part nodes
include abstract single body part nodes and abstract coupled
body part nodes, wherein the abstract single body part nodes
include, head top and head bottom and the abstract coupled
body part nodes include shoulder, elbow, hand, hip, knee and
ankle and wherein the each of the abstract coupled body part
nodes represents two symmetric ready body parts.

In an additional embodiment, the present invention pro-
vides a system for estimating human poses in an uncon-
strained video, which includes at least one computing device
comprising hardware components and software programs
for receiving an unconstrained video comprising a plurality
of consecutive frames, generating a plurality of best full
body pose hypotheses for each of the plurality of consecu-
tive frames, extracting a plurality of real body part nodes
from each of the plurality of best full body pose hypotheses
and generating a real body part hypotheses for each of the
plurality of real body part nodes extracted from the plurality
of best full body pose hypotheses. The software of the
system is further configured for combining symmetric real
body part nodes to identify a plurality of abstract body part
nodes, generating a plurality of abstract body part hypoth-
eses from the plurality of abstract body art nodes and each
of the real body part hypotheses, generating an optimal
tracklet for each of the abstract body part hypotheses and
estimating a human pose in the unconstrained video based
upon the abstract body part tracklets using tree-based opti-
mization.

In another embodiment, the present invention provides
one or more non-transitory computer-readable media having
computer-executable instructions for performing a method
of running a software program on a computing device, the
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computing device operating under an operating system, the
method including issuing instructions from the software
program comprising receiving an unconstrained video com-
prising a plurality of consecutive frames, generating a plu-
rality of best full body pose hypotheses for each of the
plurality of consecutive frames, extracting a plurality of real
body part nodes from each of the plurality of best full body
pose hypotheses and generating a real body part hypotheses
for each of the plurality of real body part nodes extracted
from the plurality of best full body pose hypotheses. The
computer-readable media further includes instructions for
combining symmetric real body part nodes to identify a
plurality of abstract body part nodes, generating a plurality
of abstract body part hypotheses from the plurality of
abstract body art nodes and each of the real body part
hypotheses, generating an optimal tracklet for each of the
abstract body part hypotheses and estimating a human pose
in the unconstrained video based upon the abstract body part
tracklets using tree-based optimization.

As such, the present invention provide a more efficient
and cost-effective solution for estimating human poses in
unconstrained video utilizing the novel concept of abstract
body part to represent the symmetrical aspects of the human
body poses in unconstrained video frames.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken
in connection with the accompanying drawings, in which:

FIG. 1A is a diagram illustrating the video image frames
used to execute the inventive concept of abstraction and
association for human pose estimation, in accordance with
an embodiment of the present invention.

FIG. 1B is a diagram illustrating the body parts in each
video image frame and associated edges used to execute the
inventive concept of abstraction and association for human
pose estimation, in accordance with an embodiment of the
present invention.

FIG. 1C is a diagram illustrating the concept of abstrac-
tion in human pose estimation in videos, in accordance with
an embodiment of the present invention.

FIG. 1D is a diagram illustrating the concept of associa-
tion in in human pose estimation in videos, in accordance
with an embodiment of the present invention.

FIG. 2A is a diagram illustrating the real body parts used
for human pose estimation is videos, in accordance with an
embodiment of the present invention.

FIG. 2B is a diagram illustrating the abstract body parts
used for human pose estimation is videos, in accordance
with an embodiment of the present invention

FIG. 3A shows the original video frames for which human
poses are to be estimated.

FIG. 3B illustrates the N-Best method known in the art
which is employed to generate a set of diverse poses for each
single frame.

FIG. 3C illustrates that, by using the results from FIG. 3B,
real body part hypotheses are generated for each body part
in each frame and propagated to the adjacent frames.

FIG. 3D illustrates how real body parts are combined into
abstract body parts and how the hypotheses are also com-
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bined, accordingly, in order to remove the intra-frame
simple cycles (i.e. the simple cycles with blue and green
edges in FIG. 1B).

FIG. 3E illustrates the tracklets that are generated for the
abstract body parts (including single body parts and coupled
body parts) using the abstract body part hypotheses gener-
ated in FIG. 3D.

FIG. 3F illustrates how the pose hypotheses graph is
build, wherein each node is a tracklet corresponding to the
abstract body part and the best post estimation is obtained by
selecting the best hypotheses for the parts from the graph.

FIG. 4A illustrates the relational graph for the abstract
body part tracklet generation in accordance with an embodi-
ment of the present invention.

FIG. 4B illustrates the tracklet hypothesis graph for single
body parts, in accordance with an embodiment of the present
invention.

FIG. 4C illustrates the tracklet hypothesis graph for
coupled body parts, in accordance with an embodiment of
the present invention.

FIG. 5A illustrates the pose relational graph, in accor-
dance with an embodiment of the present invention.

FIG. 5B illustrates the pose hypothesis graph, in accor-
dance with an embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a method to estimate a
sequence of human poses in an unconstrained video. In
contrast with the commonly employed graph optimization
framework, which is NP-hard (nondeterministic polynomial
time-hard) and necessitates approximate solutions, in the
present invention, this problem is formulated into a unified
two stage, tree-based, optimization problem for which an
efficient and exact solution exists. Although the proposed
method finds an exact solution, it does not sacrifice the
ability to model the spatial and temporal constraints between
body parts in the video frames; indeed it even models the
symmetric parts better than the existing methods currently
known in the art.

One commonly employed methodology for human pose
estimation in videos is the graph optimization formulation.
There are two types of such formulation. The first type of
this formulation is to generate several human pose hypoth-
eses in each frame and select one best hypothesis from each
frame, while making sure they are consistent throughout the
video. The inference in this approach is very efficient,
however, due to the large variations of pose configurations,
it is very difficult to get good poses with all body parts
correctly estimated. Therefore, a second type of such for-
mulation was introduced to handle each body part sepa-
rately. In this formulation, hypotheses are generated for each
body part in every frame. Following the spatial constraints
between body parts in each frame and using temporal
consistency of appearances and locations between adjacent
frames, the goal is to optimally select the best hypotheses for
each body part from all the frames together. This formula-
tion is desirable, since it is able to expand sufficient diverse
human pose configurations and it is able to effectively model
spatiotemporal constraints between body parts. Despite all
the benefits of this formulation, it is an NP-hard problem due
to the underlying loopy graph structure (i.e. there are many
simple cycles in the graph; e.g. the simple cycles in FIG. 1B
induced by the green, blue and red edges). Several methods
have been proposed to attack this NP-hard problem in
different ways to reduce the complexity induced by inter-
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frame simple cycles. However, none of the proposed meth-
ods simultaneously exploited the important constraints
between body parts (e.g. symmetry of parts) and none of the
proposed methods provide an efficient exact solution.

FIG. 1A-FIG. 1D provides an abstract high-level illustra-
tion of the proposed method of the present invention which
is focused on removing simple cycles from the commonly
employed graph optimization framework for video based
human pose estimation problems. The video based human
poses are illustrated the video frames of FIG. JA. FIG. 1B
illustrates a relational graph commonly known in the art in
which each body part in each frame is represented by a node.
Green and blue edges represent relationships between the
different body parts in the same frame. Green edges are
commonly used edges in the literature, blue edges are
important edges for symmetric parts and red edges represent
the consistency constraints for the same body part in adja-
cent frames. Note that FIG. 1B is for illustrative purposes
and not all edges are shown. FIG. 1C illustrates the “abstrac-
tion” stage of the present invention, wherein symmetric
parts are combined together and the simple cycles within
each single frame are removed. FIG. 1D illustrates the
“association” stages of the present invention, wherein the
simple cycles between adjacent frames are removed.

In various embodiments, the present invention solves the
problem of exploiting the spatial constraints between the
body parts in each frame and temporal consistency through-
out the frames, to the greatest possible extent, while also
providing an efficient exact solution. Since it is known that
the inference of a tree-based optimization problem has a
polynomial time solution, the main issue solved by the
present invention becomes is how to formulate the problem
in order to model the useful spatial and temporal constraints
between body parts among the frames without inducing
simple cycles.

To solve the problems known in the art, the present
invention approximates the original fully connected model
into a simplified tree-based model. In contrast with the
standard tree representation of body parts, the present inven-
tion introduces a new concept, related to the use of abstract
body parts and referred to as “abstraction”, to conceptually
combine the symmetric body parts. FIG. 2A and FIG. 2B
illustrates the concept of real body parts vs. abstract body
parts. FIG. 2A shows the commonly used body part defini-
tions in the literature, in which these body parts, or nodes,
represent real body parts (i.e. head, elbow, hip, etc.). The
associated real body part relational graph is also illustrated
in FIG. 2A. FIG. 2B shown the proposed new definition of
body parts in accordance with the present invention, in
which a pair of symmetric body parts are combined into one
body part. These combined body parts (nodes) are referred
to as abstract body parts, since the parts are some abstract
concepts of parts, but not real body parts. The associated
abstract body part graph is also illustrated in FIG. 2B. As
such, the present invention takes advantage of the symmetric
nature of the human body parts without inducing simple
cycles into the formulation. In addition to the concept of
“abstraction”, the present invention also introduces the con-
cept of “association”, in which optimal tracklets are gener-
ated for each abstract body part to ensure the temporal
consistency. Since each abstract body part is processed
separately, it does not induce any temporal simple cycles
into the graph. In view of these novel concepts, the present
invention ensures both spatial and temporal constraints
without inducing any simple cycles into the formulation and
an exact solution can be efficiently found by dynamic
programming.
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FIG. 3A-FIG. 3F provides an outline of the proposed
method of the present invention for estimation human poses
in unconstrained video. FIG. 3A show the original video
frames. FIG. 3B illustrates the N-Best method known in the
art which is employed to generate a set of diverse poses for
each single frame. FIG. 3C illustrates that, by using the
results from FIG. 3B, real body part hypotheses are gener-
ated for each body part in each frame and propagated to the
adjacent frames. FIG. 3D illustrates how real body parts are
combined into abstract body parts and how the hypotheses
are also combined, accordingly, in order to remove the
intra-frame simple cycles (i.e. the simple cycles with blue
and green edges in FIG. 1B). FIG. 3E illustrates the tracklets
that are generated for the abstract body parts (including
single body parts and coupled body parts) using the abstract
body part hypotheses generated in FIG. 3D. FIG. 3F illus-
trates how the pose hypotheses graph is build, wherein each
node is a tracklet corresponding to the abstract body part and
the best post estimation is obtained by selecting the best
hypotheses for the parts from the graph.

In computer vision, and several other disciplines, many
problems can be abstracted as follows. Assume there is a set
of entities e={el,_,}, where each entity can only

be in one of the many states S={s*I,_*}, with the unary
scoring functions {d(e’, s*le’ e, s* €S}, which gives the
likelihood that an entity € is in state s*. And there is a binary
compatibility function for each pair of entities {W(e’, &/, s*,
s)le’, & ee, s, s’eS} which represents the compatibility of
entity €’ in state s* and entity ¢’ in state s’. The goal then is
to determine the best states for each entity such that all of
them have high unary scores and they are also compatible
with each other. This problem can be modeled as a graph
optimization problem formulated by relational and hypoth-
esis graphs, which is described below.

A relational graph, G,=(V,, E,), represents the relation-
ship of a set of entities which are represented by entity nodes
{v,1,,'""")}, and the relationships between pairs of entities
are represented by edges E,. Examples of relational graphs
are shown in FIG. 1A, FIG. 4A and FIG. 5A. More specifi-
cally, FIG. 5A is the pose relational graph, wherein each
node represents one abstract body part and edges represent
the relationship between the connected body parts. Corre-
sponding to a relational graph G,, a hypothesis graph
G,=(V,, E,), can be built. For an entity node v,’ in V,, a
group of hypothesis nodes V., ={v,",=y 7'} are gener-
ated to form the hypothesis graph, so V,,=U,_,"""'V, . The
hypothesis nodes represent the possible states of each entity,
and in the current context, they represent possible locations
of body parts. Hypothesis edges, Eh:{(vh(i)k, Vh(].)l)lvh(i)kth
s Va €0y v, v7)EE,}, are built between each pair of
hypothesis nodes from different groups following the struc-
ture of G,. An unary weight, ®, can be assigned to each
hypothesis node, which measures the likelihood of the
corresponding entity to be in the state of this hypothesis
node, and a binary weight, W, can be assigned to each
hypothesis edge, which measures the compatibility of the
pair of hypothesis nodes connected by the edge. Examples
of hypothesis graphs are shown in FIG. 4B, FIG. 4C and
FIG. 5B. More specifically, FIG. 5B is the pose hypothesis
graph, wherein each node is a tracklet for the part and edges
represent the spatial compatibility of connected nodes. The
methodology is to select one hypothesis node for each entity,
in order to maximize the combined unary and binary
weights. This is a graph optimization problem and the
general form is NP-hard; however, if the relational graph is
a tree (including the degenerate case of a single branch), the






