
A Method and System for Tracking Motion of a Device Field of the invention
5 The present invention relates to a method and system for tracking motion
of a device across a surface using, in particular, images acquired by the
device. Background of the Invention 10 Tracking motion of a device across a
surface based on images acquired by the device is useful in several
applications. For example, a typical optical mouse today operates by
acquiring a series of images as the mouse is moved across a surface (e.g. a
desktop). The motion of 15 the optical mouse is tracked using these
acquired images. In particular, the optical mouse employs an optical
navigation system comprising an image acquisition device which works
essentially like a small camera operating at a high frame rate ranging from
1;500 frames per seconds (fps) to 10,000 fps, with a resolution ranging
from 16x16 pixels to 30x30 pixels. Fig. 1 illustrates the 20 components of
a typical optical .mouse. As shown in Fig. 1, the image acquisition device
of the optical mouse comprises a LED 102 (which may alternatively be a
Laser) and an image sensor 104 having a pixel array. The LED 102 serves to
illuminate the area at which the optical mouse is, so as to allow the image
sensor 104 to acquire an image of the area. When the mouse is 25 moved to
other areas of the surface, further images of these other areas are
acquired in the same manner. Fig. 2 shows two example images acquired
successively by an optical mouse as the mouse moves across a surface. From
these images, it is possible to determine the displacement of the optical
mouse from the area shown in one of the images to the area shown in the
other image. 30 Therefore, by acquiring a series of images as the optical
mouse is moved to different areas across a surface, the motion of the mouse
across the surface can be tracked.  2 To date, several algorithms for
tracking motion of a device from images acquired by the device have been
developed. Examples of these are the algorithms developed by Avago,
Hewlett-Packard and Microsoft. These prior at algorithms operate by
repeatedly estimating the displacement between two 5images using a single
fixed reference image. Note that in this document the displacement between
tWo images G and H is a vector and refers to the displacement between the
areas g and h respectively shown in the images G and H. The displacement
between the areas g and h in  10 turn refers to either the displacement of
the area g from the area h, or the displacement of the area h from the area
g. Specifically, the notation DCH is used in this document to denote the
displacement of the area h shown in the image H from the area g shown in
the image G. 



15The following describes in more detail how the prior art algorithms
estimate the displacement between two images. Fig. 3 shows a series of
images (i.e. frames A -.Z) acquired by a device as the device moves in a
planar motion across a surface. The frames A - Z are 20 acquired
successively with frame A being the first acquired frame and frame Z being
the last acquired frame. In the prior art algorithms, the displacement
between two images is determined by comparing the positions of these images
to the position of a single fixed reference image. 25 For example, to
determine the displacement DCD, frame A may be used as the single fixed
reference image. In this case, the displacements DAC and DAD are first
computed. Then, the displacement DCD is determined by the following
Equation (1). 30DCD = DAD - DAC(1)  3 The reason why the prior art
algorithms determine the displacement between two images in the
above-mentioned way, rather than directly from the positions of the two
images, is that sometimes, the two images may not be sufficiently
different. More specifically, the shift between the areas shown in the two
images 5 may sometimes be so small that it is hard to determine whether
there is any shift at all. This usually happens when the movement of the
device between acquiring the two images is too small. There are drawbacks
in the above-mentioned approach adopted by the prior art 10 algorithms. For
instance, in the above example, if frame A turns out to be an unsuitable
reference image because it has a low signal-to-noise ratio, or if the
overlap between frames A and D turns out to be insufficiently large to
obtain a reliable measure of displacement, then errors are likely to occur
in the computation of displacement DAC and/or displacement DAD. This in
turn leads 15 to errors in the computation of displacement DOD.
Nevertheless, prior art algorithms to date usually do not aim to achieve
high accuracy and low cumulative errors anyway because these are not
essential in the current applications utilizing these prior art algorithms.
For instance, slight 20 errors in tracking the motion of an optical mouse
are usually not noticeable. However, if a more accurate way for tracking
the motion of a device from images acquired by the device is available,
such motion tracking can be used in many more applications, for example, in
print-head displacement measurement, hand-held scanning and device
odometry. 25 



Summary of the invention The present invention aims to provide a new and
useful method and system for tracking the motion of a device across a
surface using images acquired by the 30device.  4 In general terms, the
present invention proposes using the device to repeatedly acquire input
images showing the part of the surface where the device is (the "input
area"), and comparing each input image to multiple reference images to
determine the motion of the device to the input area shown in the input
image. 5 Specifically, a first aspect of the present invention is a method
for tracking the motion of a device across a surface, the method comprising
repeatedly performing the following steps (a) - (c): (a) acquiring, using
an image sensor of the device, an input image 10 showing an input area, the
input area being a portion of the surface which is in the field of view of
the image sensor; (b) comparing the input image to a plurality of current
reference images showing respective current reference areas of the surface
to estimate the displacement between the input area and each current
reference area, wherein 15 the plurality of current reference images
comprise previously acquired images; and (c) determining, based on the
displacements, the motion of the device 



across the surface from an area shown in a previously acquired image to the
input area. 20 The invention may alternatively be expressed as a computer
system for performing such a method. This computer system may be integrated
with a device, such as an image acquisition device for acquiring images.
The image acquisition device may be. part of an optical navigation system.
The invention 25 may also be expressed as a computer program product, such
as one recorded on a tangible computer medium, containing program
instructions operable by a computer system to perform the steps of the
method. Brief Description of the Figures 30  5 Fig. 1 shows the components
of a typical optical mouse;       Fig. 2 shows two example images
successively acquired by a typical optical mouse as the mouse moves across
a surface;           Fig. 3 shows a series of images acquired by a device
as the device 5 moves across a surface;       Fig. 4 shows a flow diagram
of a method for tracking motion of a device across a surface according to
an embodiment of the present invention; Fig. 5 shows a flow diagram of
sub-steps in a step of the method of Fig. 4; 10Fig. 6 shows a flow diagram
of sub-steps in another step of the method of Fig. 4; and       Figs. 7(a)
- (c) show commercial applications the embodiments of the present invention
can be used for.. 



15 Detailed Description of the Embodiments Method 400  Referring to Fig. 4,
the steps are illustrated of a method 400 which is an 20 embodiment of the
present invention and which tracks the motion of a device (such as the one
illustrated in Fig. 1) across a surface based on images acquired by the
device. Method 400 comprises steps 402, 404 and 406. In step 402, a
plurality of initial 25 reference images R11 to RN I are acquired and are
set as current reference images RI to RN. In step 404, an input image X is
acquired. In step 406, the displacement between the input image X and a
previously acquired image X' is determined using the current reference
images R1 to RN. Further in step 406, a conditional updating of the current
reference images R1 to RN is performed (Le. 30 depending on whether certain
conditions are met, one or more of the current reference images R1 to RN
may be updated). As shown in Fig. 4, steps 404 and 406 are repeatedly
performed. Note that in each execution of step 406, the  6 previously
acquired image X' may be one of the current reference images IR1 to RN or a
previously acquired input image. Each image acquired in method 400 is a
two-dimensional (2D) image which 5. comprises a plurality of pixels having
respective intensity values at respective coordinates of the image'.
Furthermore, all the images acquired in method 400 are of the same size
(i.e. they have the same pixel dimensions). In this document, the size of
the images acquired in method 400 is denoted by the 



symbol F which represents the width of the images measured in terms of the
to number of pixels in each of the images. For example, if the image is
square, F may be the number of pixels at each side of the square. If they
are not square, F may be the width or the height, and preferably the larger
of the width and height. 15 Each input image in step 404 is acquired using
an image sensor of the device and shows an area (the "input area") of the
surface where the device is (i.e. an area which is in the field of view of
the image sensor). When the device is of the form which touches the
surface, the device may contact some or all of the input area of the
surface, but the device may also cover or contact a part of the 20 surface
which is not included in the input area (e.g. a part of the surface which
is close to a housing of the device, and which is not in the field of view
of the  image sensor of the device). Therefore, by repeatedly acquiring
input images, and determining the displacements between the input images
and previously acquired images, the motion of the device across the surface
can be tracked. 25 Steps 402 - 406 will now be described in more detail.
Step 402: Acquire a plurality of initial reference imaqes 30In step 402, a
plurality of initial reference images R11 to RN' are acquired and are set
as current reference images R1 to RN.  7 Fig. 5 shows the sub-steps of step
402. As shown in Fig. 5, step 402 comprises sub-steps 502 - 516. In
sub-step 502, a first potential reference image Po showing a first area of
the 5 surface is acquired. The image Po is set as the first initial
reference image R11 whereas the remaining initial reference images R21 to
RNi are set as zero. Next in sub-step 504, a counter k is initialized to a
value of 1. In sub-step 506, a subsequent potential reference image Pk
showing a 10 subsequent area of the surface is acquired. This is followed
by sub-step 508, in which the displacement DPkRki i.e. the displacement of
the area shown in the most recently set initial reference image Rki from
the subsequent area shown in the potential reference image Pk is estimated.
This displacement may be estimated in several ways which will be described
in more detail later. 15 In suti-step 510, the magnitude of the
displacement DPkfiki (i.e. IDPkRiol which is equivalent to the distance
between the subsequent area shown in the potential reference image Pk and
the area shown in the most recently set initial reference image Rkl) is
compared against a threshold initT. In one example, 



20 initT is set to a value of F/8 (although other values of initT may be
used as well). If the magnitude IDPkRidl is greater than the threshold
initT, sub-step 512 is performed in which the potential reference image Pk
is set as the next initial reference image. More specifically, in sub-step
512, the counter k is first increased by 1 and then, the potential
reference image (now Pk.i since k has 25 been increased by 1) is set as the
kth initial reference image Rkl. On the other hand, if the magnitude
IDPkRkil is less than or equal to the threshold initT, the counter k
remains unchanged and sub-steps 506- 510 are repeated. After performing
sub-step 512, sub-step 514 is executed to compare the value 30 of the
counter k against a value N. The value N represents the number of initial
reference images to be acquired and in one example, is set as 4 (however,
other values may be used as well). If the value of the counter k is less
than the  8 value N, sub-steps 506 - 514 are repeated. Otherwise, the
initial reference images A11 to RN! are set as current reference images RI
to RN in sub-step 516. Step 404: Acquire input image 5 In each execution of
step 404, an input image X is acquired. This input image X is acquired
using the device and shows an input area of the surface where the device is
. 10 Step 406: Determine the displacement between the input image and a
previously acquired image using the current reference images, and perform
conditional updating of the current reference images    In each execution
of step 406, an input image X and a plurality of N current 15reference
images RI to RN showing respective current reference areas of the surface
are received as inputs. The displacement between the input image X and a
previously acquired image X' is then determined using the plurality of
current reference images R1 to RN. 20 This determines the motion of the
device across the surface from an area 



shown in the previously acquired image X' to the input area shown in the
input image X. Furthermore, conditional updating of the current reference
images R1 to RN is 25 performed to obtain updated reference images. Note
that in this document, the term "current reference images" refers to the
reference images R, to RN input to step 406 (i.e. the reference images Ri
to RN before the conditional updating). In particular, the "updated
reference images" output from each execution of step 406 are input to a
next execution of step 406 as "current reference images" of 30the next
execution.  9 Fig. 6 illustrates the sub-steps of step 406. As shown in
Fig. 6, step 406 comprises sub-steps 602 and 604. In sub-step 602, the
input image X is compared to the plurality of current  5 reference images
R1 to RN, to estimate the displacements DXR1, DXR2,..., DXRN i.e. the
displacements of each current reference area from the input area. These
displacements may be estimated in several ways which will be explained in
more detail later. 10 Conditional updating of the reference images is also
performed in sub-step 602 to obtain updated reference images. In
particular, after obtaining each estimated displacement DXRi, DXR2,...,
DXRN, a decision on whether to update the corresponding current reference
image is made. As shown in Fig. 4, the decision on whether to update each
current reference image is made  15 independently of the decisions on
whether to update the remaining current reference images. Furthermore, the
decisions are based on the estimated displacements DX111, DXR2,..., DXRN.
More specifically, the magnitude of each estimated displacement IDXR-d,
IDXR2I,., IDXRNI is compared against a resPective threshold T1, T2,..., TN.
If the magnitude of an estimated  20 displacement IDXR2I,..., IDXRNI is
greater than its respective threshold T1, T2,..., TN, the corresponding
current reference image RI, R2,..., RN is updated to the input image X. In
one example, the thresholds -1-1, T2,..., TN are set to be equal at a value
of F/6. However, the thresholds T1, T2,..., TN need not be equal and may be
set to other values. . 25 Next in sub-step 604, the displacement DXX' i.e.
the displacement of the area shown in the previously acquired image X' from
the input area shown in the input image X is determined based on the
displacements DXFti, DXR2,..., DXRN estimated in sub-step 602. 30 



10 the input image X and the current reference image which the previously
acquired image X' is. For example, if the previously acquired image X' is
the current reference image R3, then the displacement DXX' may simply be
set as the displacement DXR3 estimated in sub-step 602. 5 Alternatively,
whether or not the previously acquired image X' is one of the current
reference images R1 to RN, the displacement DXX' may be determined by
considering the displacement of the input image X and the displacement of
the previously acquired image X' from each of the current reference images
R1 10 to RN. In particular, the displacement DXX' may be computed using
Equation (2) below. DXX' = combine (DX111, DXR2..., DXRN) (DXR, -DX'Ri)+
(DXR2 - DX'R2)+...+ (DXRN - DX'RN)(2) 15 Equation (2) computes the
displacement DXX' based on differences between the estimated displacements
between the input image and each current reference image, and estimated
displacements between the previously acquired image and each current
reference image. Specifically, in Equation (2), 20DX/R1,DX'R2,..., DX'RN
respectively represent estimated displacements of the current reference
areas shown in the current reference images Ri, R2,RN from the area shown
in the previously acquired image X' . Each of these displacements DX1R1 ,
DX'R2DX/RN may be estimated in a present execution of step 406 (e.g. before
the reference images are updated), or may 25 be a stored displacement from
a previous execution of step 406 (if the 



corresponding reference image has not been updated in the previous
execution).      Prior to determining the displacement DXX' between the
input image X and the 30 previously acquired image X', one or more of the
displacements DXRI,  11 DXR2,..., DXRN estimated from sub-step 602 may be
improved (i.e. improved estimates of these displacements may be derived).
The improved displacements may be used for computing the displacement DXX'
instead. For instance, they may be used in Equation (2) above or if the
previously acquired 5 image X' is one of the current reference images, the
displacement DXX' may be set as the improved displacement between the input
image X and the current reference image which the previously acquired image
X' is. In addition, one or more of the improved displacements may be stored
for subsequent use. For example, the stored improved displacements may be
used to determine the 10 displacements between the current input image X
and subsequently acquired images. The displacements DXRI, DXR2,..., DXRN
may be improved using several ways which will be explained in more detail
later Ways to estimate the displacement between two images 15 The
displacement between two images may be estimated or determined in several
ways. For example, the displacement between two images may be estimated
using 20 the normalized cross correlation method which aims to maximize a
cross-correlation between the images. In particular, the displacement of an
area h shown in an image H from an area g shown in an image G may be
obtained using the following Equations (3) and (4). 25  [G(a.b)-"d][11(a -
u, b v) -ft)  (3)   



Lb[0(a,b) - G]2[H(a - u,b - - Ei)2    In Equation (3), G(a, b) denotes the
intensity value of the pixel at coordinates (a, b) of the image G. H(a - u,
- v) denotes the intensity value of the pixel at coordinates (a-u,b-y) of
the image H. G denotes the mean of the intensity 30 values of the pixels in
the image G whereas R denotes the mean of the  12 intensity values of the
pixels in the image H. The values of u and v may be varied in a range
comprising both positive and negative values. The displacement between the
two images G and H (in particular, DGH) is 5 determined from the
coordinates urna" and vmax at which C(u, v) is maximized. More
specifically, as shown in Equation (4) below, the horizontal component
DGF1h of the displacement DGH is set as urn., whereas the vertical
component DGH" of the displacement DGH is set as vim, . The magnitude of
the displacement DGH is the argument of these horizontal and vertical
components 



10 DGHh, DGH,, whereas the direction of the displacement DGH is dependent
on the signs of the coordinates ume, and v,"a" . (DGH",DGH,,) = argmax,"
[C(u, v)1= (umax, vmax ) IDGH Idisp(G,H) = .1/41DGFC:+DGH, = Vti +4(4) max
15 The displacement between two images may also be estimated using other
ways known to those skilled in the art. For example, the optical flow
estimation method developed by Lucas and Kanade or the phase correlation
method proposed by Castro and Morandi may be used. 20 Ways to derive
improved estimates of the displacements DXRI. DXR2,..., DXRN As mentioned
above, in sub-step 604 of step 406, improved estimates of one of 25 more of
the displacements DXR1, DXR2,..., DXRN estimated in sub-step 602 may be
derived. This may be performed in several ways, a few examples of which are
described below. Deriving the improved estimates using a least squares
method  13 Improved estimates of the displacements DXR,, DXR2,..., DXRN may
be derived using a least squares method. This method works by minimizing a
cost function formed using the displacements DXRI, DXR27..., DXRN estimated
from sub-step 602. 5 For example, with N = 3, the cost function may be in
the form as shown in Equation (5) below. Cost function =1dXR, - DXR.112
+idXR2 - DXR212 +-DXR312+ AddXR, -dXF12 -DR2R,I2+ dXR, - dXR3
-DR3RI2+11:1XR2 -dXR3 -DR3R212] 10  (5) In Equation (5), dXR-1, dXR2, dXR3
respectively denote improved estimates of the displacements DXRi, DXR2,
DXR3. These improved estimates are the unknowns to be determined. 



15 Furthermore, in Equation (5), DR2R1 denotes the displacement between
current reference images R, and R2, DR3R1 denotes the displacement between
current reference images R, and R3, and DR3R2 denotes the displacement
between current reference images R2 and R3. These displacements DR2R1,
DR3F11 and 20 0R3R2 are determined using the current reference images Rh R2
and R3. In addition, these displacements DR2111, DR3R1 and 0R3R2 may be
determined in step 402 or sub-step 602 (either sub-step 602 in a previous
execution of step 406 after the reference images are updated or sub-step
602 in a present execution of step 406). 25 As shown in Equation (5), the
cost function is constrained by a parameter 2 which.represents the
consistency between the improved estimates dXF11, dXR2, dXR3 and the
displacements DX131, DXR2, DXR3 estimated in sub-step 602. In one example,
2 is set as 0.5 whereas in another example, A is set as 0.125.  14 The
improved estimates dX131, dXF12, dXR3 are determined such that the cost
function in Equation (5) is minimized. This minimization of the cost
function serves to fit the improved estimates dXRI, dXR2, dXR3 to the
displacements DX131, DXR2, DXR3 estimated in sub-step 602. In particular,
the minimization of 5 the cost function serves to minimize the differences
between the displacements DR2R1, DR3R1 and DR3R2 determined using the
current reference images RI, R2, R3 as mentioned above, and corresponding
displacements determined using the improved estimates (i.e. dXR1 - dXR2
which corresponds to DR2R1, dXR1 - dXR3 which corresponds to DR3R1 and dXR2
- dXR3 which 10 corresponds to DR3R2). Minimization of the cost function in
Equation (5) may be achieved by differentiating the cost function and
setting the resulting derivatives to zero. In particular, differentiation
of the cost function produces three equations 15 comprising the three
improved estimates dXR1, dXR2 and dXR3 which are the unknowns to be
derived. By setting these equations to zero, the following Equations (6) -
(8) are obtained. 



(1+ 22)dXR, - 2(dXR2 + dXR3) = DXR, + 2(DR2R1 + DR3R, )(8) 20(1+ 22)dXR2 -
2(dXR1+dXR3)=DXR2+2(DR3R2  DR,Ri)(7) 22)dXR3 - 2(dXR4+dXR2)=DXR3 + A(DR3R1
DR3R2)(8)    The improved estimates dXRI, dXR2, dXR3 may then be derived by
solving the above Equations (6) - (8). In particular, Equations (6) - (8)
may be formulated 25 as a linear system as shown below in Equation (9).
p1+22 -- \ dX131IDXR,` IDR2R1 +DR3R, Ad= -2 1+22 -A dXR2 = D = DXR2 + DR3R2
DR2R(9) --2 1+ 22,AdXR3DXR2JDR3R1 +DR3R2  15 Since the matrix A on the left
of Equation (9) is invertible, the matrix d comprising the improved
estimates dXR1, dXR2 and dXR3 may be obtained using Equation (10) wherein
inv(A) represents the inverse of the matrix A. 5d = inv(A)* D(10) One or
more of the displacements DXR1, DXR2, DXR3 are then improved by setting
these displacements as their respective improved estimates dXR.i, dXR2,
dXR3 derived according to Equation (10). 10 As mentioned above, the
improved displacements may be used in Equation (2) to obtain a more
accurate determination of the displacement DXX' between the input image X
and the previously acquired image X'. For example, if improved  estimates
of the displacements DX'R, , DX/R2 DX'RN for the previously    acquired
image X' have also been derived using equations similar to Equations 15 (5)
- (10) above, then the displacement DXX' between the input image X and the
previously acquired image X' may be obtained using Equation (11) below.
DXX' combine(DXR1,DXR2,DXR 3 ) sum(d) - sum(d') sum(d)-sum(d) 3 20 In
Equation (11), d'=(dX'R dX'R2 drR3 )7- whereby drRi , dX'R2 , dr133 are
respectively the improved estimates of the displacements DX/R" DX/R2, 



DX113. Furthermore, sum(d) and sum(d') respectively denote vectors having
25 two components, each of which is the sum of the corresponding elements
in the matrix d and d' . Derivina the improved estimates by using a maximum
ioint correlation method  16 Improved estimates of the displacements DXRI,
DXR2,..., DXRN may alternatively be derived by maximizing a joint
correlation between the input image X and shifted versions of the current
reference images RI, R2,..., RN. 5 For example, with N = 3, the improved
estimates may be determined using the joint correlation function in
Equation (12) below. Joint correlation function
Ri(a+axR",b+dxR,JR2(a+dxR2",b+dxR2") 10Jb R3(a+dXR3h,b+dXR")X(a,b)
dadb(12)    The function in Equation (12) computes the joint correlation
between the input image X and images showing areas of the surface displaced
from the current 15reference areas (shown in the current reference images
R1, R2,..., RN) by ambunts equal to the improved estimates. More
specifically, in Equation (12), dXR.sh, dXR2h, dXR3h are respectively the 



horizontal components of the improved estimates dX1:11, dXR2, dXR3 (which
are 20 the unknowns to be determined), whereas dXfilv, dXF12,, dXR3v are
respectively the vertical components of the improved estimates dXRI, dXR2,
dXR3. Furthermore, RI (a +dXR.,", b + dXR" ) denotes the intensity value of
the pixel at the coordinates (a+dXR.It"b+dXR") of the current reference
image R2(a+dXR2",b+dXR2V) denotes the intensity value of the pixel at the
25 coordinates (a+dXR2h,b+dXR") of the current reference image R2 and
R3(a+dXR31"b+dXR") denotes the intensity value of the pixel at the
coordinates (a + dXR sh b + dXR3v ) of the current reference image R3,  17
The horizontal and vertical components of the improved estimates dXRI,
dXF12, dXR3 are determined such that the joint correlation function in
Equation (12) is maximized. This may be done using a search routine, such
as a three-step search routine. At a starting point of the search routine,
the horizontal and 5 vertical components of the improved estimates dXR-i,
dXR2, dXR3 may be respectively set as the horizontal and vertical
components of the displacements DXRI, DXR2,..., DXRN estimated from
sub-step 602. One or more of the displacements DXR1, DXR2, DXR3 are then
improved by setting these displacements as their respective improved
estimates dXR,, dXF12, dXR3. 10 Deriving the improved estimates using a
weighted average method Improved estimates of the displacements DXR1,
DXR2,..., DXRN estimated in sub-step 602 may alternatively be derived by
using a weighted average method. 15 In particular, with N = 3, the improved
estimates dX131, dXF12, dXR3 of the displacements DXR1, DXR2,..., DXRN may
be calculated using the following equations. 20dXR, = al(DXR2 + DR2R1)+
(DXR3 + DR3R1) + (1- a, - APXR, 



dXR2 = ap(DXR, - DRA)+ )32 (DXR3 + DR3R2 ) + (1- a2 -,32)DXR2 dXR3 =
a3(DXR1 - DR3R,)+ j33(DXR2 -DR3R2)+ (1- aa -133)DXR3(13) 25 Each equation
in (13) above corresponds to a current reference image and comprises
approximations of the displacement between the input image and the
respective current reference image. The approximations are obtained in
different ways using the displacements DX1,11, DXR2,..., DXRN estimated in
sub- step 602 and the displacements DR2R1, DR3R1, DR3R2 estimated using the
30 current reference images R1, R2 and R3. For example, to derive the
improved estimate dXR, of the displacement DXRi, approximations of the
displacement  18 between X and ft obtained in the three different ways DXR2
+DR2R1 DX133 +DR3R1 and DXR, are used. Each equation in (13) performs a
weighted average of the approximations it comprises. More specifically, al,
a2, a3 and , A 3 A are weights which may be varied. In one example, these
weights are 5 set as - a2 - a3-A-A-A- 1/3 After obtaining the improved
estimates dX111, dX142, dXR3 using the equations in (13), one or more of
the displacements DX131, DXR2, DXR3 are then improved by setting these
displacements as their respective improved estimates dXR1, 10 dX1R2, dXR3,
in other words, as the respective weighted averages. Note that although the
above examples described with reference to Equations (5) -(13) use N = 3,
the examples may be easily extended to other values of N. 



The examples may also be easily extended to cases whereby improved 15
estimates dXRi, dXR2,..., dXRN are derived for only some (and not all) of
the displacements DXRii, DXR2,..., DXRN estimated in sub-step 602.
Variations to method 400 20 Although only a single embodiment of the
invention has been described in detail above, it is to be understood that
many variations are possible within the scope of the invention, as defined
by the claims. A few examples of such variations are given below. 25
Although the displacement DXX' is determined in method 400, the
displacement DX'X (i.e. the displacement in the opposite direction) may
instead be determined. The same applies for all other displacements used or
determined in method 400. However, note that the steps and equations in
method 400 using or determining these displacements have to be modified 30
accordingly. These modifications can be easily done by those skilled in the
art.  19 Furthermore, although the images acquired in method 400 are of the
same size, differently sized images may instead be acquired. In this case,
additional steps may be required to either extract relevant areas in the
larger images or resize the images such that the steps as described above
for method 400 may still be 5 performed. Also, although the images acquired
in method 400 are 2D images, method 400 may easily be extended to acquire
and operate on three-dimensional (3D) images. Equations (3), (4) and (12)
are replaced by 3D versions, with appropriate changes such as either
summations or integrals over three variables a, b and c instead of two
variables a and b. 10 In addition, the initial reference images may be
acquired in a manner different from that shown in Fig. 5. The initial
reference images also need not be acquired by the device. In any case, it
is preferable if one or both of the following criteria are satisfied: (i)
for each initial reference image, the distance 15 between the area shown in
the initial reference image and the area shown in at least one other
initial reference image is greater than a predetermined minimum distance
and (ii) the signal-to-noise ratio (SNR) of each initial reference image is
greater than a predetermined minimum SNR. Moreover, the step of acquiring
the initial reference images need not be part of method 400. In other
words, 20 step 402 in method 400 is optional and may be omitted. This would
be applicable, for example, in an embodiment in which the device is
provided with a standard surface to be moved over (e.g. a surface having
landmarks such as a grid), and the reference images of the standard surface
are pre-selected and pre-loaded into the device. 25 Furthermore, although
in Fig. 4, the operations in sub-step 602 are shown to be performed
sequentially, these operations may instead be performed in parallel. In
particular, the displacement between the input image and each current
reference image (e.g. DX131) may be estimated simultaneously (i.e. in
parallel) 30 with the displacements between the input image and the other
current reference images (e.g. DXR2,..., DXRN). Similarly, the comparisons
of the magnitudes of the estimated displacements i.e. IDXFIll to IDXRNI to
their respective thresholds  20 



T1 to TN may also be performed in parallel. The same applies for the
conditional updating of the current reference images. Performing the
operations in sub-step 602 in parallel instead of sequentially allow these
operations to be performed at the same rate as the acquisition of the input
images. In other words, these 5 operations can be performed in real-time.
Also, the conditional updating of the current reference images in sub-step
602 is optional and may be omitted (although, this is not preferable).
Moreover, each current reference image to be updated need not be updated to
the input image. 10 Each current reference image (showing a current
reference area) may instead be updated to an image showing an area nearer
the input area than the current reference area is to the input area. The
updated reference images also need not be identical. In addition, the
decision on whether to update each current reference image need not be
independent of the decisions on whether to 15 update the other current
reference images. For example, in deciding whether to update a particular
current reference image, it may be useful to take into consideration
whether some of the other current reference images are already  updated and
what images these current reference images are updated to. 20 Commercial
applications Figs. 7(a) - (c) show some commercial applications of the
embodiments of the present invention. 25 In particular, the embodiments of
the present invention may be used in a handheld scanner. Fig. 7(a) shows a
prior art handheld scanner, more specifically, a HP Capshare handheld
scanner. Similar to the optical mouse, this prior art handheld scanner
emploVs an optical navigation system comprising an image acquisition
device. The optical navigation system is configured to track 30 the motion
of the handheld scanner based on images acquired by the image acquisition
device. However, the accuracy of the motion tracking in this prior art
handheld scanner is not high and therefore, high-quality results cannot be
21 achieved. Furthermore, it is difficult to scan photos and graphics with
high accuracy using this prior art handhold scanner. Such prior art
handheld scanners can be made more accurate by incorporating embodiments of
the present invention into these scanners. 



5 Fig. 7(b) shows a conceptual drawing of a handheld printer. Similar to
many other types of printers, the handheld printer comprises a printhead
which is configured to dispense ink. However, rather than feeding the print
media (e.g. paper) through the printhead, the handheld printer is moved
over the print 10 media for printing purposes. In particular, data to be
printed is first downloaded into the handheld printer. As the handheld
printer is moved by hand across a print media, ink is dispensed by the
printhead onto the print media to print the data. Specifically, ink is
dispensed onto each area of the print media as the handheld printer moves
over the area. The motion of the handheld printer over 15 the print media
is freeform similar to that of a handheld scanner or an optical mouse. To
ensure that data is printed at the correct locations on the print media,
the handheld printer requires an accurate optical navigation system for
estimating the motion of the handheld scanner. Such an accurate optical
navigation system may be achieved by using embodiments of the present
20invention. Fig. 7(c) shows a prior art printhead slippage detector, in
particular, a Hewlett- Packard (HP) Omas sensor. This printhead slippage
detector is often used in HP's large-format printers. Printhead slippage
detectors also employ optical 25 navigation systems comprising image
acquisition devices whereby the optical navigation systems track the motion
of the printhead slippage detectors based on images acquired by the image
acquisition devices. Like several other prior art printhead slippage
detectors, the performance of the HP Omas sensor does not meet the
standards required for reliable consumer printing. However, by 30 using the
embodiments of the present invention in the optical navigation systems of
printhead slippage detectors, low-cost and highly accurate printhead
slippage detectors may be developed.  22 Advantages     The following
describes some advantages of the embodiments of the present 5invention.
Embodiments of the present invention are advantageous as unlike prior art
algorithms which use a single reference image, the embodiments of the
present invention employ a plurality of reference images for tracking the
motion of a 10 device across a surface. In particular, in the embodiments
of the present invention, each reference image is used to obtain an
independent estimate of the displacement between an input 



image and a previously acquired image. By combining these independent 15
estimates, more accurate results can be obtained and hence, cumulative
errors can be reduced. This in turn improves the accuracy of tracking the
motion of the device. The use of multiple reference images in the
embodiments of the present 20 invention also allows the detection of
abnormal conditions such as "bald" patches on a surface (i.e. patches where
there are no features) and highly repetitive features. It also achieves a
more reliable detection of the motion of the device. Furthermore,
conventionally, when a wireless optical mouse is stationary for a
predetermined period of time, say 10 seconds, it enters a low- 25 power
"sleep" mode to save battery life: the wireless communication of the mouse
is turned off and the motion of the mouse is sampled less frequently. When
the user moves the mouse, it wakes up and starts functioning normally. The
transition  between sleep and wake-up is problematic in conventional
systems because random noise or vibrations on the table can cause false 30
wake-ups, wasting battery life. Hence wake-up is usually determined when
the motion with respect to a reference image is sufficiently large, but the
measurement of whether this criterion is met is not reliable if the
reference has  23 



a low signal-to-noise ration. Hence, the present invention may be useful in
ensuring that while the device is in sleep mode it is activated (or woken
up) only when it is moved, because the use of multiple references increases
the reliability, because it diversifies the measurement over independent
images. 5 Furthermore, in some embodiments of the present invention e.g.
method 400, the plurality of reference images are regularly updated by
updating one or more of the reference images each time if certain
conditions are met. The use of multiple reference images and the ability to
update only a subset of the 10 reference images each time helps to ensure
that the plurality of reference images used for each input image comprise
images of sufficiently high quality (e.g. with high SNR) and having an
adequate amount of overlap with the input image. 15 Although more reference
images are used in the embodiments of the present invention, the additional
amount of processing required is not excessive. In particular, the
additional processing required is mainly for computing the displacements
between the images. However, the displacement between two images is
symmetric i.e. the magnitude of the displacement in one direction is 20
equal to the magnitude of the displacement in the opposite direction.
Therefore, after computing the displacement between a pair of images in one
direction, it is not necessary to compute this displacement in the opposite
direction since this can be easily derived by negating the computed
displacement. Furthermore, the  computed displacements may be stored and
thus, each displacement required 25 in the embodiments of the present
invention needs only to be computed once.  M CS LLP 24 Claims 1.A method
for tracking the motion of a device across a surface, the method comprising
repeatedly performing the following steps (a) - (d): 



5  (a) acquiring, using an image sensor of the device, an input image
showing an input area, the input area being a portion of the surface which
is in the field of view of the image sensor;        (b) comparing the input
image to a plurality of current reference images showing respective current
reference areas of the surface to estimate the 10 displacement between the
input area and each current reference area, wherein the plurality of
current reference images comprise previously acquired images;        (c)
deciding whether to update each current reference image based on the
displacements estimated in step (b), and if said decision is positive,
updating the current reference image to form an updated reference image;
and 15(d) determining, based on the displacements, the motion of the device
across the surface from an area shown in a previously acquired image to the
input area. 2.A method according to claim 1, wherein the decision on
whether to 20 update each current reference image is made independently of
the decisions on whether to update the remaining current reference images.
3.A method according to claim 1 or 2, wherein for each current reference
image, said decision on whether to update the current reference image is 25
positive if the estimated displacement between the input area and the
current reference area shown in the current reference image has a magnitude
greater than a threshold, 4.A method according to any one of claims 1-3,
wherein for at least one 30current reference image, if said decision is
positive, the at least one current reference image is updated to an image
showing an area nearer to the input AMENDED SHEET MEA/AU  



25 area than the current reference area shown in the at least one current
reference image is to the input area,  5. A method according to any one of
claims 1-3, wherein for at least one current reference image, if said
decision is positive, the at least one current reference image is updated
to the input image.    6. A method according to any one of the preceding
claims, wherein prior to step (d) in each repetition of steps (a) - (d),
the method further comprises i 0improving one or more of the displacements
estimated in step (b).  7. A method according to claim 6, wherein the one
or more of the displacements estimated in step (b) are improved by:.
(8i) determining the displacement between each current reference area 15
and each of the other current reference areas using the current reference
images; (811) determining improved estimates of the displacements estimated
in step (b), by minimizing a function of differences between the
displacements determined in step (81) and corresponding displacements
determined with the 70 improved estimates; and (8iii) improving the one or
more of the displacements by setting these displacements as their
respective improved estimates,    8. A method according to claim 7, wherein
function is constrained by a 25 parameter representing a consistency
between the improved estimates and the displacements estimated in step (b),
9. A method according to claim 6, wherein the one or more of the
displacements estimated in step (b) are improved by: 30determining improved
estimates of the displacements estimated in step (b), such that a joint
correlation between the input image and images showing AMENDED SHEET
IPEA/AU  



26 areas of the surface displaced from the current reference areas by the
improved estimates is maximized; and improving the one or more of the
displacements by setting these displacements as their respective improved
estimates. 10.A method according to claim 6, wherein the one or more of the
displacements estimated in step (b) are improved by performing the
following steps (11i) - (11iii) for each current reference area whose
estimated displacement between the input area and itself is to be improved;
10(11i) estimating the displacement between the current reference area and
each of the other current reference areas using the current reference
images; (11ii) calculating a weighted .average of approximations of the
displacement between the input area and the current reference area, wherein
15the approximations are obtained in different ways using the displacements
estimated in step (b) and the displacements estimated in step (11i); and
(11 iii) improving the displacement between the input area and the current
reference area by setting this displacement as the weighted average. 2011.A
method according to any one of the preceding claims, wherein prior to
repeatedly performing steps (a) - (d), the method further comprises:
acquiring a plurality of initial reference images, wherein for each initial
reference image, the distance between the area shown in the initial
reference image and the area shown in at least one other initial reference
image is greater 25 than a predetermined minimum distance; and setting the
plurality of initial reference images as the current reference 



images, 12.A method according to claim 11, wherein acquiring the plurality
of initial 30 reference images comprises: acquiring a first image showing a
first area of the surface and setting the first image as the first initial
reference image; and AMENDED SHEET [PEA/AU  27 repeatedly performing the
following steps: acquiring a subsequent image showing a subsequent area of
the deciding, based on a distance between the subsequent area and 5thearea
shown in the most recently set initial reference image, whether to set the
subsequent image as a next initial reference image; and if so, setting the
subsequent image as the next initial reference image. 1013.A method
according to any one of the preceding claims, wherein the displacement
between the input area and each current reference area is estimated by
maximizing a cross-correlation between the input image and the current
reference image showing the current reference area, 1514.A method according
to any one of the preceding claims, wherein the displacement between the
input area and each current reference area is 



estimated in parallel with the displacements between the input area and
each of the remaining current reference areas. 20 15.A method according to
any one of the preceding claims, wherein the previously acquired image in
step (d) is one of the.plurality of current reference images; and step (d)
further comprises determining the motion of the device as the estimated
displacement between the input area and the current reference area shown in
the previously acquired image,  16. A method according to any one of claims
1 - 14, wherein in step (d), the motion of the device is determined further
based on estimated displacements between the area shown in the previously
acquired image and each current reference area.  17. A method according to
claim 16, wherein in step (d), the motion of the device is determined based
on differences between (18i) the estimated AMENDED SHEET PEA/ALT  MCSL L P
28 displacements between the input area and each current reference area,
and (18ii) the estimated displacements between the area shown in the
previously acquired image and each current reference area.  18. A computer
system having a processor arranged to perform a method according to any one
of claims 1 - 17.    19. A cornputer program product such as a tangible
data storage device, readable by a computer and containing instructions
operable by a processor of 10 a computer system to cause the processor to
perform a method according to 



any one of claims 1 - 17.  20. An optical navigation system comprising a
device movable across a surface, wherein the device is configured to
acquire images showing areas of 15 the surface and wherein the optical
navigation system is arranged to perform a method according to any one of
claims 1 - 17 to track the motion of the device across the surface. AMENDED
SHEET IPEA/AIJ 


