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METHOD FOR TRACKING OBJECTS

FIELD OF THE INVENTION

The present invention ralates to a method for tracking objects. More particularly, the
present invention relates to a method for tracking one or more articulated objects,

which typically undergo frequent contacts in a video sequence.

BACKGROUND OF THE INVENTION

The tracking of multiple objects is for example useful for extracting behavioral statistics
from the co-habitation of animals, such as laboratory mice. Such work may require
identifying particular events occurring between the mice and is conventionally done
from a video recording and with a timer. An important number of playbacks on the
same sequence of the video recording are necessary to label the different svenis.
Moreover, these events having a very short duration, they are often labeled in over-
sized time frames. Thus there is a need for an improved system for tracking such

objects and events.

Single and muitiple object fracking in video sequences is a field of active research in
computer vision, with numerous applications to scens surveillance, For example, known
o the Applicant are: (1) B. Coifman. D. Beymer, P. MclLauchlan, and J. Malik, "A real-
time computer vision system for vehicle tracking and traffic surveillance” Transportation
Research: Part C, vol. 8, pp. 271-288, 1888; (2} 1. Cohen and G. Medioni, "Detecting
and tracking moving objects for video surveillance" in Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, 1843 (3) D. Comaniciu, V.
Ramesh, and P. Meer, "Kernel-based object tracking" IEEE Transactions on Pattern
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Analysis and Machine Intelligence, vol. 25, no. 5, pp. 564-577, May 2003; and (4) T.
Zhao and R. Nevatia, "Tracking multiple humans in complex situations", |EEE
Transactions on Pattern Analysis and Machine Inteliigence, vol. 28, ne. 8, pp. 1208-
1221. September 2004.

Throughout the literature, two sets of approaches have been studied, namely two-step
approaches and direct appreoaches. Two-step approaches perform a prelimininary
detection of the objects on each sequence frame, and then reconstruct the objects
frajectonies using various association technigues. Forexample, known to the Applicant
are: (1) P. Willet, R. Niu, and Y. Bar-Shalom, *integration of Bayes detection with target
tracking,” iEEE Transactions on Signai Processing, vol 48, no. 1, pp. 17-29, January
2001; (2) M.S. Arulampalam, S. Maskell, N. Gordon, and T. Clapp, “A tutorial on
particle filters for online nonlinear/non-gaussian bayesian tracking,” IEEE Transactions
on Signal Processing, vol. 88, no. 2, pp. 174188, 2002; and (3} N. Chenouard, |
Bloch, and J.C. Olive-Marin, “Feature-aided particle tracking,” in Proceadings of the
[ International Conference on Image Processing, San Diago, Oct. 2008, IEEE, in

press.

Such methods are however not adapted to track articulated objects such as animals, as
they focus more upon the object trajectory rather its geometrical conformation. Direct
approaches perform both detection and tracking simultaneously by iteratively adapting
user-defined models to match the objects, and repeat this process on each frame {o
follow all targets, Popular candidates in this approach include mean-shift and aclive
contour technigues. The following references ieach mean-shift technigues,
(1) Comaniciu et al.; and (2) C. Yang, R. Duraiswami, and L. Davis, “Efficient mean-
shift tracking via a new similarity measure,” in Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, 2005. The following references teach active
contour techniques: {1} A. Blake and M. Isard, Active contours, Springer, 2000, and
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{2} C. Zimmer and J.-C. Glive-Marin, "Coupled parametric active contours,” IEEE
Transactions Patiern Analysis Machine Inlelligence, vol. 27, no. 11, pp. 18381842,
20085,

Mean-shift based {echniques {g.g. {1) Comaniciu et al,; &) C. Yang, R. Duraiswami,
and L. Davis, "Efficient mean-shift tracking via a new similarity measure”, in
Froceedings of the |EEE Conference on Computer Vision and Pattern Recognition,
20085} are widely used to track whola obiects in real-time in natural environments thanks
to their computational efficiency. In biological imaging, such methods have been
employed to track multiple deforming cells throughout a sequence (e.g. C. Debeir, .
Van Ham, R. Kiss, and C. Decaestecker, "Tracking of migrating cells under phase-
contrast video microscopy with combined mean-shift processes," Medical Imaging IEEE
Transactions on, vol. 24, no. §, pp. B87-711, 2005).Yet, mean-shift approaches have
two important limitations. Firstly, fracking ambiguities quickly arise when similar objects
come inte contact, where concurrent models are attracted toward a commoen local
maximum and fuse until the objects separate again. This association problem is
common in many other applications, and additional methods must be employed to
sobve these ambiguities (e.g. A. Genovesio, T. Liadl, V. Emiliani, W.J. Parak, M.
Coppey-Moisan, and J.-C. Olivo-Marin, "Multiple particle tracking in 33+ 7 microscopy.
methods and application to the tracking of endocytosed quantum dots", IEEE
Transactions on Imags Processing, vol. 15, no. 5, pp. 10682-1070,2008). Secondiy,
mean-shift and CAMBhIft approaches {e.g. G.R. Bradski, "Real time face and objact
tracking as a component of a perceplual user interface", IEEE Workshop on
Applications of Computer Vision, pp. 214-218, 1888} are able o track objecis as a
whole, acoommaodating global object transformations such as scale, crientation orposs
changes, but do not guantify local shape information and thus cannot monitor
deformations atf the articulation level. Despite their efficiency for mulii-object iracking,

this remark also holds for aclive contour methods (e.g. €. Zimmer and J.-C, Clivo-
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Malin, "Ceoupled paramelric aclive contours”, IEEE Transacltions Pattern Analysis
Machine Intelligence, vol. 27, no. 11, pp. 1838-184%2, 2005) , which are aiso

computationally more demanding.

Mean-shift and active contour methods require a higher acquisition frame rate to allow
each model {0 adapt locally to the new object position, and are well suited for objects
undergoing frequent shape or pose changes. Unfortunstely, these methods only
provide global localization and conformation of the ohjects, and fail to provide shape
information at the articulation level. This is a limiting factor when tracking mulliple
touching objact in behavioral studies, where in-depth shape information is necessary o
axiract ohjects interaction events. Debeir i al. ieaches a mean-shift-based method (o
track multiple cells observed in phase-contrast microscopy, aexhibiling a particular two-
phase intensity profile (bright center and dark boundary). This pattern was modeled
using multiple mean-shift kernels stiiched {ogether in a rigid way, and the displacement
of the global model was driven by the combination of all the underlying locat mean-ghiit
processes. While the mathod could distinguish touching cells efficiently, the model

rigidity failed o provide shape information about the tracked cells,

Hence, in light of the aforementioned, thera is a nead for an improved system which, by
virtue of its design and components, would be able to overcome some of the above-

discussed prior art concems,

SUMMARY OF THE INVENTION

According to an aspect of the present invention, there is provided a compuler-
implemented method for tracking 3 physical object composed of one or more physical
primitive(s). The method comprizas the following sleps: (8} receiving source image data
being representative of the physical object at a time L., (b) identifying, in the source
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image data, the object and said one or more physical primitive, and associating a
source geometrical primitive to each of said one or more physical primitive, thereby
defining a model! of the object according to a source configuration; (¢} receiving target
image data being representative of the physical object at another time th.; (d)
identifying, in the target image data, the object and said one or more physical primitive,
and associating a targst geometrical primitive 1o each of said one or more physical
primitive, thereby defining the model of the object according to a target configuration;
(e) associating to each of said source geometrical primitive a corresponding target
geometrical primitive; and (g) transforming said madsl, according to predetermined
riles being representative of physical forces, from the source configuration to the target
configuration, o simulate the real-life movement of the physical object between the

fimas {, and the.

In embodiments of the presant invention, limitations of the art are addressed by
proposing a novel approach for multi-object tracking using physics-constrained models,
The principle is to define a model of the target using geomaetrical primitives that are
preferably linked via constraints, being represeniative of physical contrainst. Each
primitive of the model is then linked to the image data using an appropriate technique
such as a siandard mean-shift process or quadtrees, and the giobal model
fransformation is performed in real-time or at least near-real-time, preferably using a
physics engine sober. Such engines can be used {o perform objsct fracking in video
sequences. By representing the obiscts using physically consirained muodels, and by
linking these models to the image dala, the engine solver is able 1o track the evolution

of all objects simultaneously, even if they coms into contact over time
As a result, the proposed approach is able 1o, according to embodiments thereof

a) frack ¢bijects in a very robust way;
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b) maintain the identity of multiple touching objects;

C} provide local shape information at the articulation level through sach of iis

geometrical primitives,

Other features and advantages of the invention will be better understood upon a
reading of preferred embodiments thersof, given for the purpose of exemplification

only, with reference to the appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a physics model of a mouse. (a): description of the model bodies (solid lines)
and the boundary of their attractive maps {dashed lines}. Gray bodies are notl allowed
to overlap with grey bodies of another model. (b): final model matching a mouse in a

sequence frame.

FIG. 2 is a diagram representing the system of the method according {c an

ambodiment of the present invention.

FIG. 3 shows matching mice in close contact without {a, b} and with (¢, d) proximity
handling. With proximity handling (c, d), the overlap batwesn atiractive maps of same

nature is removed from the computations, yielding a correct adjusiment of the modsls.

FIG. 4 is shows a seguence of eight {8) images {aking advaniage of motion prediction.
On each frame, the grey model is the current matching model for the frame, and the

white model is the inilialization which will be used for the next frams.

FIG. 5 is a block diagram showing steps involved in the tracking method according to

an embodiment of the present invention.
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FIG. & shows the tracking of two sporozoites observed in reflection interference
contrast microscopy. (a): sampla frames of the original seguence. {b): physics model of

the sporczoite.

FIG. 7 shows tracking resulfs on the sporozolte sequence. Each line represents one

sporozoite. Displacement values are given in pixels for each frame.

FIG. 8 shows fores vectors computed for each model anchor. (a): originalimage. (b, ¢);
force vectors super-imposed on a gradient map (b} and binary map (c) of the image.

(d): vectors and boundaries of their attractive maps.

FIG. 9 shows a mouse with a contracted posture (a) and with the head on the side (c).

(b, d): final mouse model super-imposed on the original images.
FIG. 10A is an image of a mouse {original image).

FIG. 10B is the image of 10A, with a model of the mouse shown super-imposed on the

original image.
FIG. 11Ais a first of a sequence of image frames showing two (2) mice.

FIG. 11B is the image frame shown in FIG. 11A, further displaying corresponding

muodels super-imposed on the respective mice.
FIG. 12A is a second of the seguence of image frames.

FIG. 12B is the image frame shown in FIG. 124, further displaying corresponding

models super-impased on the respective mice.
FIG. 13A is g third of the seqguence of image frames.

FIG. 138 is the image frame shown in FIG. 134, further displaying corresponding
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models super-imposed on the respeactive mice.

FIG. 14 is a timeline of the labelled events found on a 40-second sequence (530
frames). In this particular sequence, cng can nole that the "head 1-genital 2" evert

naver ooiurs,

FIG. 18 is a schema showing a computation according to three (3} different quads. The
main final computation: a} using guadtrees, b) standard method, ¢} quadtres example
over a large anchor. The main final computation is made from each biggesiquad of the

quadtree instead of all pixels.

FIG. 16 is a schema showing 2 scale propagation of an attractive map at different
scales {(original map: 512x82). A) Representation of psi (with intensity rescale); B}

vector represaniation of bgi for each possible quad of the main quadtree.

FIG. 17 is a schema showing a cumulative map, each number representing the number

of anchors owning the colored area. A quadtree is computed for gach different area,

FIG. 18 is a graph showing the number of computation nseded {0 compute f; by the

radius of the anchor.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

In the following description, the same numerical references refer to similar elements.
The embodiments mentioned and/or geometrical configurations and dimensions shown
in the figures or described in the present description are embodiments of the present

invention only, given for exemplification purposes only.
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Broadly described, the present invention provides a computer-implemented method for

fracking one or more physical chiject composad of one or more physical primitive.

Methods according to embodiments of the invention may be used in g variety of
contexts. In one example, the method may be applied to the study of behavioral
statistics from the co-habitation of animals, such as laboratory mice. With reference to
FIG. 1, each mouse is considered i be one physical object O and articulated biody
parts of the mouse being considered as a distinet physical primitive P, as will be
explained further below. in another exampls, the method may be applied to track one
or mors objscts composed of a single deformable physical primitive such as celiz orthe
fike from microscopic observations. Numerous other applications could be envisionad,
such as, io name just a few, the fracking of players on a sports playing fisld, the

monitoring of traffic, the studying of the movements of a dancer, &ic.

I one of its embodiments, the present invention tackles the problem of tracking
multiple articulated obiscts undergoing frequent confacis in a video seguence.
Conventional tracking methods usually fail to distinguish objects during contact,
implying the use of disambiguation technigues {0 recover the identity of each obiect.
Moreover, such methods do not provide detailed shape information at the articulation
level. The inventors address these limitations by proposing a novel approach to track
mulliple articulated objects by defining a model of 2ach object using geometrical
primitives and physical constraints in a physics enging. Discussead herein is a method
applied to track mice observed with a webcam and to track two sporozoites observed in
reflection interference contrast microscopy, highlighting the flexibility and genericity of

the framework.

Physics engines are software or hardware toolkits dedicated to the realistic simulation
of physical systems governed by Lagrangian dynamics. They first appeared over 30
years ago, but only received extensive atlention in the last decade. Due o technical
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fimitations, early engines were tailored for very specific applications, and had therefore
very limited interest. Nowadays, their evolution is mostly driven by the computer-gaming
industry (e.g. J. Garca de Jain and E. Bayo, Kinematic and dynamic simulation of
multibody systems. The raal-tima challenge, Springer, 1984}, siriving to produce even
more physically realistic video games. As a result, numerous commercial and free APIs
have besen developed in recent years for the simulation of highly complex systems,
addressing delicate problems such as collision detection between artictiated objects in
an efficlant way. Many engines are now integrated within modern graphics cards,
benefiting from multiple hardware optimizations and paraliel implementations which ars
crucial for real-time applications. Known to the Applicant is LA, Kakadiaris, D. Melaxas,
and R. Bajcay, "Active part decomposition, shape and motion estimation of articulated
objects: a physics-basead approach,” in CVPR, Jun 1894, pp. 880884, wherein physic
considering rotation and transiation are usad {o learmn and track the articulation of 3 2D-
represented human arm. The present application generalizes the tracking procedure
and shows how to exploit such engines (o track articulated ohjects in video sequences.

The method according (o embodiments of the invention firstincludes a step of receiving
spurce image data being representative of the physical object O at a time {,,. Preferably,
the source image data is extracted from a siill frame of a video sequence recording
movement of the object Q. As will be readily understood by one skilled in the art, the
source image data may include one or more physical object o track, and the method
described herein can be used o track multiple objects in a same video sequence by

performing the steps below for each such objects.

The method naxt invoives defining a2 mode! 28 of the object O according {o a source
configuration (i.e. an initial position and/or shape) by identifying, in the source image
data 18, the object O and ils physical primitive{s} P or member(s), and associating 8

source geometrical primitive 12 to each physical primitive P, Physical primitives P may
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be for example, in the case of a mouse: a body B, a head H, lags A1, A2, A, A4, elc.
Basic geometrical primitives include rectangies, circles and other convex polygons,
while more complex obiects can then be constructad as combinations of these primitive

hodies,

Similarly, target image data representative of the physical object at another time .4 is
received and targel geometrical primitives are associated o each physical primitive
identified therein, thershy defining the model 20 of the objedt according to a targst
configuration. Each source geometrical primitive P is associated o a comresponding
target geometrical primitive and the model 20 is transformed, according o
predetermined rules being represeniative of physical forces, from the source
corfiguration to the large! configuration, to simulate the real-life movement of the object
between the timas t, and t,.¢. Thus the model appears to move realistically (as per the
predetermines rules) between the images taken at times , and .. Preferably, {4
becomes the new t, and the method is thus repaated for a subsequent pair of images
frames, and so on an so forth for a sequence of image frames obtained from a video

recording.

By “model’, it is meant a systematic representation of a physical object that shares
imporiant characteristics with the physical chject. Such a model may be material,
visual, mathematical, or computational, In the embodiments, described herein, the
model is provided graphicaily in the form of the above-mentionad geographical

primitives.

Moreover, the “geographical primitives” may be represented graphically or in any other
suitable data form depending on the particular application, as can be understood by a
person skilled in the art. Indeed, it may be desirable to compute the model in data form
and to cutput to 3 user, only selectad information on certain events goowrring o this

model.



Ut

10

[
821

WO 2011/000840 PCT/EP2010/059222

1é

Also, by “movement’, it is meant a displacement, a trajectory, a deformation, a change

in configuration, a recrientation and/or the like.
The term “physical forces” refers to any force existing in the physical world.

Preferably, the transforming step is performad by a physics engine. Physics engines
define a model Min a world WA model Mg ¢ Is defined by a set O = {0}, , of basic
geometrical primitives, each characterized by a mass, a damping {i.e. friction) factor,
and an anchor where displacement forces will be applied. The geometrical primitives
are then linked together, preferably pair-wise, by constraints 14 called joints, describing
the degree of freedom of the articulation considered. in ciassical physics engines, one
may use joints of at least four types: distance, angle, elastic and slider. Any other type
of suitable joint may be provided, as can be understood by a person skilled in the art.
Collisions between geometrical primitives of a given mode! and between geometrical
primitives of distinet models are both handled by the physics engine, using various built-

in algorithms that either favour computation tirme or physical realism.

There are traditionally two types of physics engines, depending on how the bodies are
handled. Rigid-body-engines consider bodies through their centers only, yielding simple
management, but reguiring an additional rolation parameter to account for ali types of
movements. fass-aggregate-engines handie bodies as 3 sel of little masses {i.e. a box
is described by 8 masses representing ils corners). Using this iatler representation, all
movements can be described without any additional parameter, though more
computations are required to induce a correct displacement of all components of the
body.

in the following section, the inventors describe how the initial tracking problem can be
expressed as a set of local mean-shift processes applied 1o individual bodies, and

combined info a global physically-constrained system o explolt the physics engine
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solver, as represented in the diagram shown in FIG. 2. To the best of the inventors’
knowledgs, this is the first fime that such an approach is taken, thereby bridging the

gap betwesn physics engines and image-based object tracking.
Physics-constrained mean-shift

An image-based physics modal

in order to explolt image data {o alfract the physics mods! toward the position of the
physical object {i.e. the targetl configuration}, the inventors define a relationship
between each body anchor and the image data. An anchor ais thus defined by a point
{or position) p,, as previously mentioned, and the associated attraction map M, is
computed from the original image | Depending on the image information that is
exploited, one can define multiple attraction maps, and use a different map for each
anchor, Each map is then restricted to a sub-region of the image centered on the

anchor.

An image-drive attraction force is then computed for each of its individuat geomeltrical
primitive(s), and the physics engine solver combines these forces with the physical
constraints imposed by the model joints in order to compute the final displacement,
shape, deformation and/or configuration. Firstly, there is provided a pool of attraction
maps M = {mj}=1.», which may be either computed from the original image using a filter-
like method, a guadiree method, or as in traditional mean-shift, given by the ook up
table of a pradefined feature space. In the present example, only two attraction maps
are ysed: a binary mask of the image is used o altract the center of the model toward
the center of the image objact, and an edge map is used to allract peripheral bodies
toward the object boundary. The maps are computed once for each sequence frame
and are not updated during the model deformation. The atiraction maps data is then

converted into physical forces and applied to the model through its anchors. Each
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anchor a {defined by its position p.} is assigned an appropriate altraction map m taken
from M. Then, this map is restricted to a subset of pixels centered on the anchor (noted
Qa). In the present case, this subset is defined as a simple disk of arbitrary radius

around the anchor position, although more complex gating kernels may he employed.

Finally, for each anchor a, one computes the resulting attraction force 7()as follows:
flay= 2 apaid,

ge e

where g describes all pixels within the attractive map.

Preferably, once all the forces have been computed for each anchor, they are sent to
the physics engine, which in turn combines these forces with the physical constraints of
the model. The deformation is an iterative process, therefore attraction forces are
recomputed at each iferation uniil a siop condition is reached (i.e. to detect when the
system reaches squilibrium). A classical strategy is to detect when the system reaches

a steady-state, where the speed of all models falls below a small value ¢, according to

a€M

where ¢ is a substantially small constant.

If each model can be converted (o a probabilistic distribution, another way o delect
convergence is to measure the distance betwsen each model distribution and some
reference distribution, 2.g. using the commonly-used Bhattacharyya distance (e.g. Zhao

et al).
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Example: Physics model of the mouse

Referring now to FIG. 1, a physics model 2 of a mouse O is defined as follows: the
bodies or members H, B and N are the haad, the belly and the neck of the mouse (fa.
physical primitives), respectively. As the mouse can elongate or contract iisgif, the
inventors allow the neck to slide along the belly, constrained between parts C and D to
define the degree of freedom. A sliding joint is added to bound the distance between
the belly and the neck. The head is a simple circle and is linked to the neck by a
distance joint 14. The model thus has two degrees of freedom: a) one for the sliding
neck simulating mouse elongation or refraction, and b} one for the head rotating atthe
and of the neck. In order {o prevent overlap betwsen different models, the invaniors
impose that all bodies colored in gray may not overlap with similar bodies of another
model (see FIG. 8 for an illustration of mice contact situation). Anchors H and A1
through A4 exploit an attractive map based on intensity gradients, while B exploits an
attractive map that is a binary image highlighting dark-image regions (i.e. reflecting the
presence of a mouse. Dashed circles depict the boundary of the atiractive maps 18,
Finally, T1 to T4 are bodies defining the mouse {all, and are linked by a distance joint.
fr the current moded, they are not iinked to any attractive map. The final model is shown
super-imposad on a mouse image in FIG. 9. Similarly, an image of a mouse is shown
in FiG. 10A, the same image being shown in FIG. 108, with a model being super-

imposed on the mouse.

Relation wilth the mean-shifl approach

The principle of mean-shift tracking {e.g. Zhac et al} is 1o move a model toward a local
maximum defined by a kernel In one embodiment of the inventors’ method, the moded
corresponds to a body of the inventors' physics modsl, and the associaled kermnel iz

analogous to the attraction map associated to the body anchor. The iterative process
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that seeks for the local maximum leads {o 3 fransiation vector that is ransformed into a
force for the physic system. The model of the physical object is then moved by the
phyaic engine which preferably considers the whole forces and constrainis of the model
instead of the simple translation vecior given at the mean-shift level. s this step which
gives the control of the mean-shift results to the physic engine. The present approach
incorporates physical constraints between bodies of a same physics model, thereby

improving object detection and fracking using & higher level of semaniic information,

Application to multi-obiect tracking

The appealing interast of the physics model approach is that an arbitrary number of
models can be defined in the same world and deformed simulianecusly using the
physics engine solver. One can thus perform concurrent multi-object tracking, where
each model follows a given target in the image according to the displacement of each
of its constitutive objects. i case two obiects come infe contact, ambiguities related to
model overlapping are automatically detected and handled by the physics engine

through efficient collision detection and feedback strategies.

While modet overlapping is forbidden, # may occur that anchors of same nature are
sufficiently ¢lose such that their attraction maps overlap. Consequently, an identical
portion of image information is exploited to compute the movement of concurrent
anchors, potentially atiracting the models toward wrong positions, as ilfustrated in
FIG. 3, whersin {8} shows the tracking of mice being in close contact, via corresponding
models. In images (a) and (b), no proximity handiing is used. With proximity handling,
as shown in images () and {d}, the overlap between altractive maps of same nalure is
removed from the computations, yielding a correct adjustment of the models. The

inventors remove the ambiguily by masking all alfractive maps of sams nalre such
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that all pixels shared by two or more maps are not involved in the computation of j
For any given anchor g, the inveniors computs the intersection between its attractive
map Mg and the attractive map of ail other anchors g; {provided the maps are of same
nature}, and exclude this intersection from Ma;. Thus, the ambiguity is removed by
weighting the influence of each computed vectors, according fo the equation below, by
introducing &(q) such as it represents the number of anchor sharing g and having the

same aliraclive map nature.

q paf
flay = Z : 5 - ug
acqa. M0

Motion Prediction

For simple applications where the object doss not move significantly from a frame to
the next, tracking is performed straightferwardly by using the resulting model on a given
frame to initialize its position in the next frame. Nonetheless, if the acquisition frams
rate is not sufficient, the object may move fast enough such that its new position is no

ionger reachable by the model, as it is no longer visible within the attractive maps.

To cope with this situation, and more generally to reduce convergence time, the
inventors take advantage of mass-aggregate engines to predict the position of the
model for each frame but the first. The inventors recali that in such engines the whole
object undergoes complex movement as a result of the constrained linear motion of
each component. The inventors exploit this motion information by computing the speed
vactor for each anchor from frame ¢ - 1 to frame {, and exirapolate this speed to obtain

a predicted position on frame { + 1.

The motion prediction is preferably performed under the supervision of the physic

engine. The inventors aim at finding the next position #+1 of the targel knowing ils
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position at time { and 1. The new cbject position is sought considering the object
prolongs its previous motion {aiternatively, a a probability map of the next position may
be generated). To do so, mass-aggregate engines are used. As explained, in such
angines, the whole objact undergoss complex movemenis as a result of the
constrained linear motion of each component. FIG. 4 flutrates a sequence of eight (8}
frames with a model using motion prediction. Frames (a), (b) and {¢} #iustrate rotation
prediction while frames (c), (f) and (g) illustrate neck elongation caused by the head
motion prediction which creates a pulling force on the neck. This motion information is
used to compute the speed vector for each anchor from frame f - 1 to frame ¢, and this
speed is then applied to the model at time tin order to obtain the constrained predicted
position on frame +1. Physics engines offer the ability o bypass tha speed
computation made with forces and allow one to set directly a computed speed i
anchors {i.e. which find its motivation in impuiss). Al the end of the convergance

fterations, the following is applied to sach anchorn

N A n iy

Va & M, flas) = o as

7

Then the physic engine is #erated once. To ensure the current inertia will not interfere
with the next image to process, sach anchor's inerlia is set to null vector, FIG. 5 shows
the steps involved in the tracking method, according to an embodiment of the present

invention.
RESULTS

Sporozoites tracking

Referring now to FIG. 8, an experiment consisting in tracking plasmodium berghei
sporozoites observed in reflection interference contrast microscopy will be described.

Although the sporozoites do not exhibit major shape changes, the difficulty with such
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images is that local structures may not be visible, causing local detection methods (o
fail. In the present case, the inventors rely on the prior knowledge that this type of
sporozoite moves it a pseudo-circular fashion. To improve the tracking performance,
the inventors incorporate this shape information directly in the physics model, thereby
denoting the flexibility of the framework. There is shown in FiGz. 8, images of two
sporozoites being observed in reflection inferference contrast microscopy, namely (a)

sample frames of the original sequence and (b) a physics model of the sporozoite.

The sporozoite model thus comprises a set of anchors linked i each other by a
distance and an anguiar joint, imposing a constant curvature o the model during its
displacements. The sporozoites are then matched by computing attractive maps for
gach anchor from a wavelet transform of the imags (2.9, 10. J.-C.Clivo-Marin, Extract
ion of spots in biclogical images using multiscale producis”, Pattern Recognition, vol,
35, no. 8, pp. 18988-1088, 2002). As a resull, the giobal model successiully fracks the
whole sporozoites, sven if some parts are invisible, FIG. 7 plots the measured
sporgzoiies displacemeants in pixels for each sequence frame. Each line represents one

sporozoits.

Muliible mice tracking

As previously mentioned, the present invention may be applied, according {0 an
embodiment thereof {0 extract behavioral statistics from the co-habitation of two mice
evolving in a rectangular cage observed with a webcam. More particularly, the inventors
focus on labeling three types of events: oral-cral contact and oral-genital contacts (in
both directions). To do so, the inventors must be able ¢ determine at all imes the
position and crientation of each mousea. As previously mentioned, this guantification
was previously done manually with a timer, and an imporant number of playbacks on
the same sequence were necessary to label the different events. Moreover, these
avents having a very short duration, they are often labsled in over-sized time frames.
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FiGs. 11A to 138 iilustrate frames of a recorded sequence, showing two mice moving
from one frame to the other, each frame being shown as an image only (11A, 124,
13A) and with corresponding models shown super-imposed on the respective mice

dectected (118, 128, 13B), according to an embodiment of the present invention,

Moreover, illustrative movies are available online at the following address:

frame, and the motion prediction step (slowed down for viewing purpose). The second
illustrates the whole sequence, according o a preferred smbodiment of the present

invention.
Validation

As mentioned garlier, convergence is detected on each frame when the model(s) reach
a steady-siate. It is however possible with mean-shift approaches that a model
converges to a wrong position, e.g. right in the middle of two local maxima. To evaluate
this behavior, & maiching score funclion s{M) ranging from 0 to 1 is defined, for each

model, by:
Z & M Q@»

S(M) = SeEM XD

z\;f{l {‘/AV,Z ) ’

where 'Q— is the average value of the pixels forming g , and N (M) is the number of

anchors in the modeal. In case the model maiches perfectly with the object, then

s(M) = 1, this value dacreasing otherwise.

The average maiching score for cur 830 frames sequence is 0.0 for sach mouse, with
a standard deviation of 0.1, showing that the mice were correctly followed all along the

sequence. Itis noted that the physical constraint layer increases the robusiness of the
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mean-shift process, singce more information is combined during the deformation
process, thereby reducing the risks of driving the model towards a wrong position.
Additionally, if the attractive map linked to the anchor is the look up table of a feature
space, then (i) can alse be computed as the model and reference distributions, e.g.

using the Bhattacharyya disiance (e.g. Comaniciu et al.).
Results

Tracking results are illustrated in FIGs. 3, 4 and & {0 13, The proposed method aliows
automatically detecting the position and orientation of the mice even when they are in
close contact, and computing the proximity of the head and posterior of sach mouse {o
label the svents in an efficient way. The inventors have applied the method on a 830
frame sequence, acquired al a rate of 12.5 fps {frames per second}, ia. about 42
seconds long. The final imeline of events for this seguence is presented in FIG. 14, By
virtue of the computational efficiency of the method according to the present
embodiment, the method is able {o process the whole sequence is processad in 55
ssconds, i.e. vielding a processing rate of approximately 10 fps®, which is very close to

real-time in the prasent case.

Computational performance

In order 1o compute the overhead of the physics layer on the overall performance, the
proportion of processing time spent was measured, and it was found that only 3.5% of
the time was consumed by the physics engine to solve all constraints and deform the
models. The main botfleneck of the method is the iterative compulation of the forces to
apply io each anchor which is almost solely dependent on the number of mean-shift
processes necessary to solve {i.e. function of the number of models, of anchors per
model, and of pixels per local attraction map). Though the physics constraint layers add

a negligible computational overhead with respect to its numerous advantages, it may
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be desirable to enhance the computational algorithm of the resulting force for each
anchor. In the following section, an aliernative embodiment of the present invention is

described.
Multi-scale decomposition and quadtrees for improving the anchor computation

At sach physics iteration step of the above described method, the attraction vector of
the anchor must be re-computed, making this computation the botiieneck of the
algorithm since there is an average of 30 computation steps per image o reach the
system equilibrium. In such a process, less than & parcent of the CPU is taken by the

physics engine, and 80 percent is {aken by the anchor's resulting force computation.

The anchor computation is slow since it computes the sum of ail the vectors starting

from the center of the kernel, using, as previously mentioned the following equation:

Flay=>" gpat,

where g defines pbels {praferably all pixels} within the attractive map belonging to Q,

and p, is the center of the anchor.

As also explained, in order to handle proximity detection, the influence of sach
computed vector is weighed by the number &) of anchors sharing the same coefficient
of attractive maps of same nature, according to:

oy = E”“ q Pad
J &7 —— - K
' 5{g)

9y

Both of the above equations require a computation which is needed at each single
move of an anchor, This computation is very heavy since it does a full loop over the

data at each compuiation of the final force.
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There is shown in FI3. 15, a main final computation made from each biggest quad of
the guadiree instead of all pixels, namely (a) the use of quadtrees, (b} the standard

method, and (c) a quadtree example over a large anchor.

Thus, according to an alternative embodiment of the present invention, the speed of the
computation of the anchor's final veclor is improved in an exact manner and able to
natively manage conflicting anchors. The key idea is 1o minimize the number of vecior
computations by creating a multi-scale attraction map, where the final anchoi's vector

is computed from the largest scale to the smallest one.

Building scales

It wili be shown below that all scales are redundant in data, offering the ability to query
the barycenter of a whole area at each different attraction-scale. The next section
explains the use of extracting barycenter maps and intensity maps from attractive

maps, as they can be extracted from the original vector computation.
Proof of reconstruction of the final vector by scales
There is provided an anchor 7 which is decomposed at point ;Zo = (X, 3, ) Wherein

the column vector x has Cartesian coordinates [

FUto = 5 (o8 - 20)

Xea
= 2 (v0DX - (D X))
Hea
= 30 (D) = 3 (uH) %)
Rea Hea
Xea Red
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3 & S ol ¥ -
where £ & 2524 9%} is the sum of the intensity values for all the pixels § =[x, pf

in the path A4, and

This shows that: a} if the map B and P can be computed, the final vector from these
maps and a center point Xp,can be directly computed, and &} both maps 8 and F are
computation-expensive since they loop over the pixels of the patch. Thus, according to
the proposed embodiment, those maps are computad using multi-scale areas

containing both B and P and queried through a quadtree algorithm.
Soales Computation

According to the present ambodiment, dyadic scales are used, since they fit adequately
with a quadtree exploration. The scales are compuied from the original {i.2. "source”)
image at time t. Each scale S = (¢}, is defined by a set of values: a) the value of the
current pixel at scale i psi which is the sum of all the previous scales values; b) one

barycenter by by scale-pixel defined by by,

The barycenters and the sums of the pixels are propagated from one scale to the next
80 that computing the final vector from ¢, 10 a block of points is the same as computing
it directly from the biggest quadtree as soon as it includas ali the undameath pixels. As
the barycenter and the mean-value of the cosfiicients are propagated, each scale
contains the same information as aif ihe sub-scales within a different quad-size as
shown in FIG. 16,

The first scale 87 is the copy of the original image, where each barycanter is the center
of each pixel. Then, from one scale 5 1o the next one 877 the computation of the

undernaath value is;
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Since all quads of each scale contain the mean barycenter and the mean pixel of all
subssqguent scales, one can compute the final vector from a point (x, y) directly from

the setl of the biggest quads the mask conlains.

A map for conflicting area

For a given attractive map, a new mask-map is computed, which integrates all the
current masks of all the anchors using the same kind of attractive map. The final result
of this map is the number of concurrent anchors per pixel (FIG. 13}. This information is
usad to weigh the atfractive force computed in those areas. This cumulative map CA”

where m i the nature of the attractive map, is computed with equation:

l{)(“‘@y)(fﬁd @p(x,y}a
g=g,”

To compute the final resulling force of an anchor, one resulting vector per weight is



190

20

WO 2011/000840 PCT/EP2010/059222

28

calculated, Rach vector computed for each waight-area is then divided by the ares

value in the cumulative map.
Computation of the final resulfing force of an anchor

Next, the poinis concerning the anchor & are extracted from the cumulative map ol
of type m. This extraction provides the map aew obtained using acy = CM" W oa, where
w& is the set of points belonging to a.

The final vector can now be computed by launching a quadtree for each possible value
of acy. The bounding box B of the mask acy is delineated by B xmin, ymin, Xmax, ymax)- Each
scale is scanned starting from the biggest to the smallest in order to fill the mask with
the minimum number of quads necessary. For each value of payy of each scale, a
corresponding quad is computed in the original image which is Qe o v e e The
inclusion test is /(ppysi, @l If this test is true, the concermned quad’s barycenter is
added 1o the vector computation and is removed from the mask. If the quad was in aou
the return value of /is 1, otherwise it is 0. Then, building the final vector of the anchor

a, centerad on ¢,, is given by:

Imarg

Jey = 37 3 Py gecw) X

ii‘“‘*imiﬂg &Y

Ca X Dlxei,yoi) o0 F B

where X = {Bm?xin ”Bf*’vgmx } and ¥ o= {Eyr;nn . ‘Byr;laz :}

The method according to the above-described embodiment offers two interesting
considerations about its computation: i} the computations in the above-equation ars

highly independent in data, which means highly parallelizable, in opposition {¢ the
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anchor computation of the previous embodiment wherein there is no paralislizing since
the algorithm uses the same dataset (i.e. causing concurrency when one attempts to
apply multi-threading), and preferably, & muiti-threading implementation is applied,
using one thread per quad generated; and i) conflicting areas may be compulad only
once and as long as they remain conflicting, without requiring recalculation since they
represent the same barvcenter and coefficient, thereby {aking advaniage of such
conflicting areas {o speed up the processing, whereas in the method according to the

previous embodiment, the conilicting anchors slow down the processing.

The method is also able to provide good results using smait datasets, but is even more
efficient while using very large datasets, since representing the problem through
multiscales and quadtree brings a logarithmic complexity to the problem, whereas in the
naive way the complexity is quadratic, as seen in Fiz.13. Thus, this computation is
substantially fast, parallefizable and does not require the creation of groups of pixels of

same weight.

In the present application, the inventors present a novel approach to track multiple
articulated objects in 2D video sequence by way of gsomstrically constrained models
and physics engines using an a priori physical knowledge of the tracked chjacts. The
method describes the tracking problem a set of multiple local processes applied {c
individual bodies, which are then linked fogether into a physics model The physics
engine solver is used o solve all these local processes while handiing user-defined
constraints such as collision between different models in a fast and fu!iy automaled

fashion.

The above-described embodiments are considered in all respect only as illustrative and
not restrictive, and the present application is intended to cover any adaptations or
variations theraof, as apparent to a person skilled in the art. Of course, numerous
maodifications could be made to the above-described embodiments without departing
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5 from the scope of the invention, as apparent to a person skilled in the art.
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WHAT IS CLAIMED IS:

1. Acomputsrimplemsnted method for tracking a physical object composad of one

or more physical primitive, the method comprising the steps of:

()

(b)

{c)

{d}

receiving source image data being representative of the physical objeci at a
time 4,

identifying, irt the source image data, the object and said one or more
physical primitive, and associating a source geomelrical primitive to each of
said one or more physical primitive, thereby defining a model of the object
aooording 1o a source configuration;

receiving target image data being representative of the physical object at
another time tn1;

identifying, in the {arget image data, the object and said one or mors physical
primitive, and associating a target geometrical primitive {o each of said one
or mere physical primitive, thereby defining the model of the object according
to a target configuration;

associating to each of said source geometrical primitive a corresponding
target geometrical primitive; and

transforming said model, according to predetermined rules being
representative of physical forces, from the source configuration to the target
configuration, to simulate the real-life movement of the object between the

times {, and f.

2. The method according to claim 1, wherein at least one of said source geometrical

primitive has a constraint being represaniative of an articulation and an

associated degres of movability between physical primitives of the obiect, and

wherein the predelermined ruies of the transforming in step {g) take into account
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said constraint.

The method according to claim 2, wherein at least one of said one or more
source geometrical primitive has an anchor being defined by a position p, and an
attraction map M, delinealing an area about the position p, in which said
corresponding target-geomelrical-primitive is expecled, thereby defining attraction
map data, and wherein the associating of step (e} is based at least on maiching
the source-geometricai-primitive with one of said target-geometrical-primitive

located in the atltraction map M, of the associated anchor.

The method according to claim 3, wherein the associating step (e) comprises

performing a mean-shift process.

The method according to claim 3, wherein the associating step (e) comprises
performing a multiscale decomposition of the attraction map data of the sowrce

image in quadtrees.

The method according o claim 4 or &, wherein further comprising:

(f) computing, for each of said anchor, an attraction force according to

T’\‘ N ey
flay=Y_ qpag,
GE€ g
where q describes pixels within the attraction map, and

wherein the predetermined rules of the transforming of step (g) includes

combining said atiraction force with said constraint,

The method according to claim S, comprising computing sach of said map using
multi-scale areas and guerying said map through a quadiree algorithm for
computing a final attraction force vector of said anchor from a largest scale o a
smallest scale thereby minimizing vector computations in the associating step (el
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The method according to claim 7, wherein the method is applied for handling

proximity detection.

8. The method according to claim 7 or §, wherein the computer-implemeanted

method is performed by a multi-threaded implementation.

10. The method according o any one of claims 7 to 9, wherein the computing step
10 and the transforming step (g} are repeated iteratively until a stop condition is

reachad.

11.  The method to according to claim 10, further comprising, after said siop condition
fs reached:
(h) predicting a new target configuration of the model at least based on a
15 computation of the source configuration and the target configuration, and
the method looping-back to repeat steps {¢)-(h}, wherein the target configuration
bacomes the source configuration, and wherein the new targst configuration is

taken into account at the associating step {(e).

12. The method according to claim 11, wherein the predicting of step (h) is al least
20 based on an exirapolation of a speed vector calculated for al least one of said
anchor, from the source configuration at the Hime 1, to the targst configuration at

the time tq+1.

13. The method according to any one of claims 9 to 12, wherein the transforming
step (g) takes into account proximity handling when two ore more physical objects

are in proximity based on the source image data.

14. The method according {o claim 7, whersin the computing is provided according

HoN
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15, The method according to any one of claims 1 1o 14, wherein the fransforming of

step (g) is provided by a physics engine solver,

16. The method according to any one of claims 1 to 1%, wherein the method is ussd
for tracking a plurality of moving objects and records avenis based on relative

10 positions of said plurality of moving objects.

17. The method according o any one of claims 1 {0 16, wherein the method is

applied for tracking said physical object in a substantiaily real-time mode.
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