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(57) ABSTRACT 

A system for recognizing various human and creature motion 
gaits and behaviors is presented. These behaviors are de?ned 
as combinations of “gestures” identi?ed on various parts of a 
body in motion. For example, the leg gestures generated When 
a person runs are different than When a person Walks. The 
system described here can identify such differences and cat 
egoriZe these behaviors. Gestures, as previously de?ned, are 
motions generated by humans, animals, or machines. Mul 
tiple gestures on a body (or bodies) are recognized simulta 
neously and used in determining behaviors. If multiple bodies 
are tracked by the system, then overall formations and behav 
iors (such as military goals) can be determined. 
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BEHAVIOR RECOGNITION SYSTEM 

REFERENCE TO PRIOR APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/540,461, ?led Mar. 31, 2000, Which 
claims priority of US. provisional application Ser. No. 
60/127,510 ?led Apr. 2, 1999. US. patent application Ser. 
No. 09/540,461 is a continuation-in-part of US. patent appli 
cation Ser. No. 09/371,460, ?ledAug. 10, 1999, now US. Pat. 
No. 6,681,031, Which claims priority from US. Provisional 
Patent Application Ser. No. 60/096,126, ?led Aug. 10, 1998. 
The entire content of each application and patent are incor 
porated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to automated image 
recognition and, in particular, to computer-based behavior 
recognition methods and apparatus. 

BACKGROUND OF THE INVENTION 

[0003] Differentiating betWeen normal human activity and 
suspicious behavior is a dif?cult task, Whether performed by 
a sensing device or a human observer. A human observer 
Would ?nd such a task tedious and costly to perform in money 
and time. Fortunately, a sensing system is not bothered by 
‘tedious’ tasks. Such a system could be implemented to prune 
out obviously normal behavior, and tag human activities 
Which could be suspicious and Would therefore need more 
attention by a human operator. 

[0004] HoWever, such “behavior recognition” systems have 
not been developed due to the dif?culty of identifying and 
classifying such motions. Consider an urban environment as 
illustrated in FIG. 1. In such an environment, there are many 
moving objects and people, most of Which are not actively 
engaged in criminal or destructive behavior. All of these 
activities Would have to be vieWed and identi?ed before they 
could be removed from potential further consideration by a 
human. 

SUMMARY OF THE INVENTION 

[0005] The present invention is directed to the automated 
classi?cation and identi?cation of human activities. The req 
uisite heuristics involve recognition of information-bearing 
features in the environment, and the determination of hoW 
those features relate to each other over time. The approach 
resides in a behavior recognition sensor system Which iden 
ti?es simultaneously created gestures using a gesture recog 
nition system. The underlying gesture recognition system 
performs the task of determining the behavior (state) of 
objects in motion. 

[0006] According to the invention, general kinematic rela 
tionships for various bodies (human, animal, robotic) are 
modeled. Next, speci?c link combinations for each are 
parameteriZed and modeled. This enables the system to rec 
ogniZe such motions as the various human motion gaits (if the 
links are legs), the throWing of an object (if the links are 
arms), or any other type of motion and orientation. A Whole 
body (human, vehicle, or other) link representation and 
dynamic model is then developed. 

[0007] The state of an object (a human or a device) can take 
three forms. 
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[0008] The object is static (motionless) and cannot be 
easily moved by a human agent. Such objects Would 
include Walls, ?ling cabinets, telephone poles, and the 
like. These are identi?ed and localiZed With respect to 
the vision system; 

[0009] The object is static but can be manipulated by a 
human agent. Such objects Would include Weapons, 
chairs, etc. These are localiZed With respect to the vision 
system, tagged, and identi?ed and evaluated With regard 
to their potential use by human agents; and 

[0010] The object is in motion. Such objects include 
self-mobile objects such as humans and vehicles, as Well 
as objects that are carried by humans or vehicles, such as 
guns or briefcases. 

[0011] Whenever an object is identi?ed, the system prefer 
ably ?rst determines Which state the object is in based upon 
gesture recognition. The term “gesture” not only refers to the 
(dynamic) motion of an object, but also to the state of an 
object that is not moving (static). For example, a gun being 
pointed by a human should de?nitely be classi?ed as a ges 
ture. Therefore, determining behaviors also means identify 
ing combinations of static and dynamic gestures. 

[0012] An object is composed of many connected non 
deformable links. For example, a person is made up of a torso 
(one link), a head (one link), tWo arms (each With tWo links), 
tWo hands (one link each, not counting the ?ngers), tWo legs 
(each With tWo links), and tWo feet (one link each). Each link 
of an object has its oWn gesture motion, Which, When exam 
ined in relation to the other links in the object, can be used to 
determine the overall state of the system. For example, When 
just examining the gestures created by the foot and knee joint 
of a human, one can see that the motions of those features are 
different depending on Whether a person is Walking or run 
ning. Even When not in motion, the relationship of those 
non-deformable links gives rise to information about the 
obj ect’s state. A person Who is standing still Will have a 
different kinematic link relationship to one Who is sitting, or 
lying doWn. 

[0013] Such gross human torso features can be readily 
identi?ed (using a model that matches general body features) 
With the vision system described in co-oWned US. Pat. No. 
6,681 ,03 1. Building on this technology, the gesture recogni 
tion module of this invention determines if a dynamic motion 
is occurring, and uses that information With kinematic link 
relationships, develop a hypothesis about the overall state of 
the object or objects in the ?eld of vieW. 

[0014] In a sense, then, the invention provides an automatic 
method for classifying and categoriZing such dynamic 
motions and gaits. Such state recognition is not limited to 
humans (and other animals), hoWever. A vehicle’s state can 
also be determined by examining the various moving parts, 
such as the body and the tire motions. Even unknoWn devices 
(such as mobile robots) can be classi?ed by examining their 
motion and behavioral characteristics. 

[0015] Although subject visualiZation is preferred, altema 
tive approaches to gait/behavior recognition may be 
employed according to the invention, including electro-me 
chanical methods of tracking the body to identify human 
motion. This includes using: 

[0016] electrogoniometers and electrogoniometric sys 
tems (EGM) 
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[0017] passive re?ective and actively illuminated mark 
ers to calculate positions and velocities, i.e. raW data. 

[0018] force data gathered from a force plate or force 
dynamometer. Used to calculate internal joint moments 
causing motion. 

[0019] strain gage or piezoelectric transducers to mea 
sure ground reaction forces. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is an overvieW of potential behavior recog 
nition system uses; 

[0021] FIG. 2 is a draWing of a gesture recognition system 
according to the invention; 

[0022] FIG. 3 is a gesture recognition system How chart; 

[0023] FIG. 4 is a signal ?oW diagram ofa gesture recog 
nition system according to the invention; 

[0024] FIG. 5 is a draWing Which shoWs example gestures 
in tWo dimensions; 

[0025] FIG. 6 shoWs three example gestures; 

[0026] FIG. 7 is an example ofa 24-gesture lexicon accord 
ing to the invention; 

[0027] FIG. 8 depicts a SloW-DoWn gesture; 

[0028] FIG. 9 depicts a Move gesture; 

[0029] FIG. 10 depicts an Attention gesture; 

[0030] FIG. 11 depicts a Stop gesture; 

[0031] FIG. 12 shoWs Right/Left Turn gestures; 

[0032] FIG. 13 shoWs an “Okay” gesture; 

[0033] FIG. 14 shoWs a Freeze gesture; 

[0034] FIG. 15 provides three plots of a human created one 
dimensional X-Line oscillating motion; 

[0035] FIG. 16 shoWs possible lines associated With x(t,p)= 
p0+p 1t and their equivalent representation in the p-parameter 
space; 

[0036] FIG. 17 illustrates parameter ?tting Wherein a rule is 
used for q to bring the error to zero; 

[0037] FIG. 18 plots different (xi,yi) data points resulting in 
a different best ?tting q line; 

[0038] FIG. 19 depicts a recursive linear least squares 
method for updating q With subsequent (xi,yi) data points; 

[0039] FIG. 20 illustrates an algorithm for determining a 
speci?c gesture model according to the invention; 

[0040] FIG. 21 is an exaggerated representation of a 
residual error measurement; 

[0041] FIG. 22 is a plot Which shoWs Worst case residual 
ratios for each gesture model, Wherein the loWer the ratio, the 
better the model; 

[0042] FIG. 23 illustrates hoW tWo perpendicular oscilla 
tory line motions may be combined into a circular gesture; 

[0043] FIG. 24 shoWs hoW a bounding box may be placed 
around a hand associated With a gesture; 

Nov. 5, 2009 

[0044] FIG. 25 provides descriptions from the bounding 
box of FIG. 24; 

[0045] FIG. 26 shoWs example gestures; 

[0046] FIG. 27 is a schematic of hand-tracking system 
hardWare according to the invention; 

[0047] FIG. 28 is a ?owchart of a color tracking system 
(CTS) according to the invention; 

[0048] FIG. 29 depicts a preferred graphical user interface 
of the CTS; 

[0049] FIG. 30 illustrates the application of target center 
from difference image techniques; 

[0050] FIG. 31 illustrates a color matching technique; 

[0051] FIG. 32 is a representation of an identi?cation mod 
ule; 
[0052] FIG. 33 is a simpli?ed diagram of a dynamic gesture 
prediction module according to the invention; and 

[0053] FIG. 34 is a simpli?ed diagram ofa behavior recog 
nition module according to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0054] The core of the behavior recognition system is a set 
of dynamic and static gesture recognition modules. This sec 
tion details the overall gesture recognition system used by the 
behavior recognition system. 

The Gesture Recognition System 

[0055] FIG. 2 presents a system overvieW of a gesture con 
trolled self service machine system. FIG. 3 shoWs a How chart 
representation of hoW a vision system is vieWs the gesture 
created, With the image data sent to the gesture recognition 
module, translated into a response, and then used to control a 
SSM, including the display of data, a virtual environment, and 
devices. The gesture recognition system takes the feature 
positions of the moving body parts (tWo or three dimensional 
space coordinates, plus a time stamp) as the input as quickly 
as vision system can output the data and outputs What gesture 
(if any) Was recognized, again at the same rate as the vision 
system outputs data. 

[0056] The speci?c components of the gesture recognition 
system is detailed in FIG. 4, and is composed of ?ve modules: 

[0057] G: Gesture Generation 

[0058] S: Sensing (vision) 

[0059] I: Identi?cation Module 

[0060] T: Transformation 

[0061] R: Response 

[0062] At a high level, the How ofthe system is as folloWs. 
Within the ?eld of vieW of one or more standard video cam 

eras, a gesture is made by a person or device. During the 
gesture making process, a video capture card is capturing 
images, producing image data along With timing information. 
As the image data is produced, they are run through a feature 
tracking algorithm Which outputs position and time informa 
tion. This position information is processed by static and 
dynamic gesture recognition algorithms. When the gesture is 
recognized, a command message corresponding to that ges 




























