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(57) ABSTRACT 

A real-time computer vision system tracks the head of a 
computer user to implement real-time control of games or 
other applications. The imaging hardware includes a color 
camera, frame grabber, and processor. The Software consists 
of the low-level image grabbing software and a tracking 
algorithm. The system tracks objects based on the color, 
motion and/or shape of the object in the image. A color 
matching function is used to compute three measures of the 
targets probable location based on the target color, shape 
and motion. The method then computes the most probable 
location of the target using a weighting technique. Once the 
system is running, a graphical user interface displays the live 
image from the color camera on the computer Screen. The 
operator can then use the mouse to select a target for 
tracking. The system will then keep track of the moving 
target in the scene in real-time. 
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Given new image and the estimated target Center as IC, cc and old target shape 
begin 

for i=rC-S2 to FC+rs 2 
forj=CC-CS/2 to FCC+CS/2 

RGB = pixel(i,j) 
c= FindColorMatch(RGB) 
ific O 

C = C" 
cc c' 
if this pixel lies on the previous shape template 

Sr = c 
sc c' 
s = c; 

else pixel shows movement 
T = Ci 
mcar c' 
n = c; 

edif 
mark this pixel in the next shape template 
NC = NC+c 
Ns = Ns+s 
N - N'- 

else 
unmark this pixel in the next shape template 

endf 
end for 

edfor 

Cr= CINC, CC = CONC 
Sri Orins, Sc = SciNs 
mr = mriNm, Inc = inclNm 

compute new target center as a weighted average 
new = Cr'CW + st"SW + ?mr"mw 
newC = CCCW + Sc'sW -- ric"W 

FIGURE 6 
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REAL-TIME HEAD TRACKING SYSTEM FOR 
COMPUTER GAMES AND OTHERAPPLICATIONS 

REFERENCE TO PRIORAPPLICATIONS 

0001. This application claims priority of U.S. provisional 
application Ser. No. 60/214,991, filed Jun. 29, 2000, and is 
a continuation-in-part of U.S. patent application Ser. No. 
09/798,594, filed Mar. 2, 2001, which is a continuation-in 
part of U.S. patent application Ser. No. 09/371,460, filed 
Aug. 10, 1999, the entire contents of each application being 
incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 This invention relates generally to computer vision 
systems and, in particular, to a real-time head tracking 
system and method for use in conjunction with computer 
games and other control applications. 

BACKGROUND OF THE INVENTION 

0003 Current imaging systems can convert live scenes 
into a sequence of digital images which can be processed to 
track any object in the scene from frame to frame. The 
techniques used for tracking are numerous. Most of the 
currently available systems use some characteristic of the 
Subset of the image containing the target to search and locate 
the target in the following image. The quality and speed of 
the tracking system depends on the implementation of this 
search and locate idea. 

0004 Most tracking systems use correlation of a sample 
Subimage representing the object with parts of the current 
image. The correlation values are computed in a search area 
around an estimated location of the object. The correlation 
operation is computationally expensive and usually is per 
formed using specialized hardware. 
0005 Another set of tracking methods uses a 3D model 
of the object being tracked. In these methods, the model is 
mapped into the target location based on the location and 
illumination parameters. The disadvantage of Such model 
based tracking methods is the relatively high amount of 
computation for the mapping from the 3D model to the 
image. The tracking systems that avoid the correlation or 
model matching approaches, use characteristics of the 
object's appearance or motion in estimating the location of 
the object in the current image. These techniques are faster 
than correlation methods but are less robust to changing 
shape and temporary occlusion by similarly colored objects 
in the scene. 

0006. The work by Darell et al. in U.S. Pat. No. 6,188, 
777 uses stereo cameras and involves three modules which 
compute the range of the tracked object; segments the object 
based on color and does pattern classification. Each of the 
modules involved places a large computational load on the 
computer. The method of Peurach et. al. in U.S. Pat. No. 
6,173,066 uses a 3D object model database and projection 
geometry to find the pose of the object in the 2D camera 
image. The pose determination and tracking involves 
searching in a multi-dimensional object pose space. The 
computation involved is very high. 

0007. The method of Richards in U.S. Pat. No. 6,163,336 
uses special cameras and infrared lighting and a specialized 
background. The method of Marques et. al. in U.S. Pat. No. 
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6,130.964 involves a layered segmentation of the object in 
the scene based on a homogenuity measure. The method also 
involves a high amount of computation. The template 
matching method proposed by Holliman et. al. in U.S. Pat. 
No. 6,075,557 which tracks subimages in the larger camera 
image involves search and correlation means relatively large 
amounts of computation. The method of Ponticos in U.S. 
Pat. No. 6,035,067 uses segmentation of the image based on 
pixel color. The system of Wakitani in U.S. Pat. No. 6,031, 
568 uses hardware to do template matching of the target. The 
method is computationally expensive correlation is done via 
hardware. 

0008. The tracking proposed in this method by Suito et. 
al. in U.S. Pat. No. 6,014,167 relies mostly on the difference 
image between Successive frames to detect motion and then 
tracks moving pixels using color. This work uses correlation 
and searches in a multi dimensional space to compute the 
objects 3D position and orientation. The amount of com 
putation involved is immense. 
0009. The proposed method of Matsumura et al. in U.S. 
Pat. No. 6,002,428 does color matching to track the target. 
The method of Guthrie in U.S. Pat. No. 5,973,732 uses 
differencing and blob analysis. The method of Hunke in U.S. 
Pat. No. 5,912,980 uses color matching as opposed to shape. 
The method of Tang et. al in U.S. Pat. No. 5,878,151 uses 
correlation to track Subimages in the image. 

SUMMARY OF THE INVENTION 

0010 This invention resides in a real-time computer 
vision system capable of tracking moving objects in a scene. 
Unlike current search and locate algorithms, the Subject 
algorithm uses a target location technique which does not 
involve search. The system tracks objects based on the color, 
motion and shape of the object in the image. The tracking 
algorithm uses a unique color matching technique which 
uses minimal computation. This color matching function is 
used to compute three measures of the target's probable 
location based on the target color, shape and motion. It then 
computes the most probable location of the target using a 
weighting technique. These techniques make the invention 
very computationally efficient also makes it robust to noise, 
occlusion and rapid motion of the target. 
0011. The imaging hardware of the real-time object track 
ing system includes a color camera, a frame grabber, and a 
personal computer. The Software includes low-level image 
grabbing software and the tracking algorithm. Once the 
application is running, a graphical user interface displays the 
live image from the color camera on the computer screen. 
The operator can then use the mouse to click on the hand in 
the image to select a target for tacking. The system will then 
keep track of the moving target in the scene in real-time. As 
Such, the system finds utility in a wide range of applications, 
including head tracking for game control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 FIG. 1 is a simplified drawing of an imaging 
system and computer with tracking algorithm according to 
the invention; 
0013 FIG. 2 is a flow chart illustrating important steps of 
the tracking algorithm; 
0014 FIG. 3 is a drawing of a preferred graphical user 
interface for use with the system of the invention: 
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0.015 FIG. 4 is a series of drawings which show the use 
of color to track a target or feature; 
0016 FIG. 5 illustrates the use a truncated cone to 
account for slight variations in color, 
0017 FIG. 6 illustrates steps of a method according to the 
invention written in pseudocode; and 
0018 FIG. 7 is a drawing which depicts a computer game 
head-tracking application according to the invention. 

Detailed Description of the Invention 

0019. A schematic of the system is shown in FIG. 1. The 
imaging hardware includes a color camera 102 and a digi 
tizer. The sequence of images of the scene is then fed to a 
computer 104 which runs tracking software according to the 
invention. The tracking algorithm is independent of the 
imaging system hardware. The tracking system has a graphi 
cal user interface (GUI) to initialize the target and show the 
tracking result on the screen 106. 
0020. The GUI for the ROTS displays a live color image 
from the camera on the computer Screen. The user can 
initialize the target manually or automatically. Once initial 
ized, the ROTS will then track the target in real-time. 
0021. The flow chart of the tracking algorithm is shown 
in FIG. 2. The program captures live images from the 
camera and displays them on the screen. It then allows the 
user to select the target manually using the mouse or 
automatically by moving the target to a predetermined 
position in the scene. At the point of initialization, the color, 
the shape and location of the target are computed and stored. 
Once the target is initialized, we compute an estimate of the 
target location using target dynamics. We then compute the 
actual location using the color, shape and motion informa 
tion with respect to a region centered at the estimated 
location. 

0022. The input to the ROTS is a sequence of color 
images, preferably in the standard RGB24 format. Hence, 
the hardware can be a camera with a image grabbing board 
or a USB camera connected to the USB port of the computer. 
A preferred GUI is shown in FIG. 3. 
Tracking Using Color, Shape and Motion 
0023. Once the user clicks on the target in the image, we 
compute the median color of a small region around this point 
in the image. This will be the color of the target region being 
tracked in the scene until it is reinitialized. We also store the 
shape of the target by segmenting the object using its color. 
Once tracking begins, we compute the center of the target 
region in the image using a combination of three aspects of 
the target. The three aspects are the color, the shape and the 
motion. This results in a very robust tracking system which 
can withstanda variety of noise, occlusion and rapid motion. 
Color Matching 
0024. The color of a pixel in a color image is determined 
by the values of the Red, Green and Blue bytes correspond 
ing to The pixel in the image buffer. This color value will 
form a point in the three-dimensional RGB color space. 
When we compute the color of the target, we assume that the 
target is fairly evenly colored and the illumination stays 
relatively the same. The color of the target is then the median 
RGB value of a sample set of pixels constituting the target. 
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When the target moves and the illumination changes the 
color of the target is likely to change. We use a computa 
tionally efficient color matching function which allows us to 
compute whether a pixel color matches the target color 
within limits. 

0025. When the illumination on the target changes, the 
intensity of the color will change. This will appear as a 
movement along the RGB color vector as shown in FIG. 5. 
In order to account for slight variations in the color, we 
further allow the point in color space to lie within a 
small-truncated cone as shown in FIG. 5. The two thresholds 
will decide the shape of the matching color cone. A threshold 
on the angle of the color cone and another threshold on the 
minimum length of the color vector decides the matching 
color space. Thus, any pixel whose color lies within the 
truncated cone in color space will be considered as having 
the same color as the target. 

0026. Given a colored pixel, we quantitatively define the 
match between it and a reference color pixel as follows. Let 
(R, G, B) be the values of the RGB vector of the first pixel. 
Let (R, G, B, ) be the RGB vector for the reference color. 

da = 
Winn 

ColorMatch(R, G, B) = { 
O otherwise 

The value of d is related to the length of the projection of 
the given color vector onto the reference vector. The value 
of d is related to the angle between the two vectors. If we 
set two threshold bands for d, and d we can filter out those 
pixels which lie within the truncated cone around the 
reference vector. Their product will indicate the goodness of 
the match. The parameters d and d are chosen to be 
computationally simple to implement which becomes 
important when all the pixels in a region have to be 
compared to the reference color in each new image. 

Position Using Color 

0027. Once we have the target color and a color matching 
algorithm, we can find all the pixels in any given region of 
the image which match the target color. We use the quan 
titative measure of the match to find a weighted average of 
these pixel positions. This gives us the most likely center of 
the target based on color alone. If (i, j) are the row and 
column coordinates of the pixel P(i,j), then for a given 
rectangular region the most likely target center based on 
color alone will be given as follows. 

P(i, j, i) = Color:Match (R(i, j, i), G(i, j, i), B(i, j, i)) 
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-continued 

* 

X P.(i, j, i) si 
* 

X P(i, j, i) 
ic 

Centercolor = 
Co * 

XP-(i, j, i) j 
* 

2. P(i, j, i) 

Note that the centroid of the target is computed as a weighted 
Sum. The weights are the color matching measure of the 
pixel. This weighting of the pixel contrasts with the usual 
practice of weighting all matching pixels the same males our 
algorithm less prone to creep. We also keep track of the Sum 
of the matched pixel weights. If this Sum is less than a 
threshold we assume that the target is not in the region. 
Shape Matching 

0028. Once the target is initialized, we compute a two 
dimensional template of the target. We use this dynamic 
template which is updated every frame to measure the 
closeness of pixels at the estimated location to the target 
shape. Given the color of the object being tracked and the 
color matching function we segment all the pixels in a region 
around the estimated location. The resulting segmented 
image is the shape of the object and forms the template. With 
each new image of the scene, the template of the target in the 
previous frame is used to compute the new center of the 
target in the new image. The advantage of using templates 
instead of any assumed shape Such as an ellipse is that the 
tracking and localization of the target is much more robust 
to shape change and hence more accurate. 

P(i, j, i) = Color:Match (R(i, j, t), G(i, j, i), B(i, j, i)) for time = i 

1 if (P(i, j, t - 1) > 0) 
0 otherwise 

* 

XS(i, j, i) si 
ld . . 
2. S(i, j, i) 

* 

is . . 
2. S(i, j, i) 

The closeness of the shape is a Summation of the product of 
the pixel color match P(i,j) with the target template M(i,j). 
Note again that the color matching measure is used to weight 
the shape measure. This makes our algorithm robust to 
creep. Once the region S is obtained, we can compute the 
centroid of S. This is the probable location of the target 
based solely on the shape of the target. 
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Motion Detection 

0029. The algorithm checks for motion in a region near 
the estimated target position using a motion detecting func 
tion. This function computes the difference between the 
current image and the previous image, which is stored in 
memory. If motion has occurred, there will be sufficient 
change in the intensities in the region. The motion detection 
function will trigger if a Sufficient number of pixels change 
intensity by a certain threshold value. This detection phase 
eliminates unnecessary computation when the object is 
stationary. 
Position Using Motion 
0030) If the motion detection function detects motion, the 
next step is to locate the target. This is done using the 
difference image and the target color. When an object moves 
between frames in a relatively stationary background, the 
color of the pixels changes between frames near the target 
(unless the target and the background are of the same color). 
We compute the color change between frames for pixels near 
the target location. The pixels whose color changes beyond 
a threshold make up the difference image. Note that the 
difference image will have areas, which are complementary. 
The pixels where the object used to be will complement 
those pixels where the object is at now. If we separate these 
pixels using the color of the target, we can compute the new 
location of the target. The set of pixels in the difference 
image, which has the color of the target in the new image, 
will correspond to the leading edge of the target in the new 
image. If we assume that the shape of the target changes 
negligibly between frames, we can use the shape of the 
target from the previous image to compute the position of 
the center of the target from this difference image. 
0.031) Let D be the difference sub-image between the 
previous target and the estimated target location in the new 
image. If we threshold the difference image, we end up with 
a binary image. If we intersect this binary image D with the 
shape of the target in the new image M we get the moving 
edge of the target as the region V. We then weight this region 
by the color matching measure P. 

1 if P(i, j, i) - P(i, j, t - 1) > t. 
0 otherwise 

0 otherwise 

X V(i, j, i) 
in 

Centernotion = 
Cn * 

V(i, j, t) : i 
- 

* 

2. V(i, j, i) 

The centroid of the region V is then computed as the 
probable location of the target based on motion alone. This 
weighting of the intersection region by the color matching 
measure makes our tracking less prone to jitter. 
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0032. In a physically implemented system, the image 
capture board is capable of providing us with a 480x640 
pixel color image at 30 frames per second. Processing Such 
a large image will slow down the program. Fortunately, the 
nature of the tracking task is such that, only a fraction of the 
image is of interest. This region called the window of 
interest lies around the estimated position of the target in the 
new image. We can compute the location of the target in the 
new image from the location of the target in the previous 
image and its dynamics. We have used prediction based on 
velocity computation between frames. This technique is able 
to keep track of the target even when the target moves 
rapidly. We have found that the window of interest is 
typically one one-hundredth the area of the original image. 
This speeds up the computation of the new target location 
considerably. 
Tracking Algorithm 

0033. If we are given an estimated target location as (rc, 
cc) in the new image and the size of the area to be searched 
is given by (rs, cs), then the algorithm can be written in 
pseudo code as shown in FIG. 6. 
0034) Note that the color matching weight c is being used 
to weight all the three centers. This weighting makes this 
algorithm Smoother and more robust. The Velocity computed 
at the end of the tracking algorithm is used to compute the 
estimated position of the target in the next frame. 
0035 Extensions of the system are possible in accor 
dance with the described algorithm herein. One is a tracking 
system which can track multiple targets in the same image. 
Another uses the tracking in two stereo images to track the 
target in 3D. 
0036) As a further extension, the system may be used to 
track a person's head for use in video games or other 
real-time computer vision applications. As with the other 
embodiments described herein, Such tracking may be based 
on color, motion and/or shape of the object in the image. In 
this particular implementation, the system preferably tracks 
a person's head, such that when the person moves their head 
slightly to the left or right the game responds according 
(such as looking to the left or right around the corner). 
0037. If the person moves their head to a greater degree, 
a preferred response would be that the person followed by 
the tracker jogs' quickly to the left or right. Similar 
responses would occur if the person moves their head up or 
down, or looks in a specific direction. 
0038. As with the other embodiments described herein, 
the real-time object tracking system (ROTS) in this case 
preferably uses the color of the object its shape and its 
motion to localize it in the scene. The hardware also includes 
a color camera, a frame grabber, and a suitable computer or 
workstation. The software includes the low-level image 
grabbing Software and the tracking algorithm. 
0.039 The computer game (or games) and camera are 
installed on the computer, and the camera oriented to face 
the person as shown in FIG. 7. The software is installed on 
the computer and started. An interface appears, which 
includes a GUI (Generic User Interface) and an image from 
the camera. 

0040. Once the ROTS is running, the graphical user 
interface displays the live image from the color camera on 

Mar. 22, 2007 

the computer screen. The operator can then use the mouse to 
click on the head in the image to select a target for tracking. 
The system will then keep track of the moving target in the 
scene in real-time. The system is also capable of automati 
cally locking onto the target if it moves in a periodic motion. 
This eliminates the need for manual clicking on the target. 
Since the algorithm uses the color, shape and motion of the 
target, the tracker is robust to noise and rapid motion of the 
target. 

0041. The GUI allows the user to perform the following 
operations: 

0042 a. To initiate head tracking by having the person 
‘click the mouse icon on their own head. Note that they 
can click on any object in the camera's field of view, 
and that object will be tracked. This object could be a 
head, hand, coffee mug, or other object; 

0043 b. To adjust the left, right up, down motion 
boundaries; 

0044) C. To adjust the velocity threshold for motion; 
0045 d. To designate desired keystrokes to initiated 
head motions (left, right, up, down); and 

0046 e. To initiate the playing of the game. 
During the game play, if the user's head exceeds the 

threshold above the motion velocity, the system will 
initiate the corresponding key stroke or set of key 
strokes as commands into the game. The user can turn 
off and on the initiating of head motion commands; for 
example, by bitting the num-lock or other non-game 
related key. The system can also emulate joystick 
inputs, or any other type of input in the same manner 
that keystrokes are emulated. 

We claim: 
1. A method controlling a computer game, comprising the 

steps of 
imaging a sequence of scenes including the head of a user 

of the computer; and 
comparing visual characteristics from Scene to scene 

center to determine movement of the user's head within 
the scene; and 

controlling the game in accordance with the movements. 
2. The method of claim 1, wherein the visual character 

istics include color, shape or location. 
3. The method of claim 1, wherein the visual character 

istics include a combination of static and dynamic charac 
teristics. 

4. The method of claim 3, further including the step of 
modeling of the dynamic characteristics to yield an estimate 
of head position. 

5. The method of claim 1, further including the step of 
initiating the head tracking through a graphical user inter 
face. 

6. The method of claim 5, wherein the graphical user 
interface provides a bounding box displayed in the screen to 
assist in targeting the user's head. 

7. The method of claim 2, further enabling a match in 
color despite the differences arising from lighting and shad 
OWS. 
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8. The method of claim 2, further enabling a match in further including the step of finding a weighted average of 
color within a threshold of hue. color to compute the loc based upon action of the user's 

9. The method of claim 1, wherein the step of comparing head based upon color alone. 
the visual characteristics includes a comparison of pixels 12. The method of claim 1, further including the step of 
from scene to scene. segmented a region defined by a predetermined closeness of 

10. The method of claim 1, further including the step of color as an estimate of target shape. 
determining if the user's head was moved outside of the 13. The method of claim 1, further including the step of 
SCCC. continuing to track the user's head when moving in front of 

11. The method of claim 1, wherein: or behind a similarly colored object in the scene. 
the visual characteristic is color; and k . . . . 


