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BOTTOM-UPWATERSHED DATAFLOW 
METHOD AND REGION-SPECIFIC 

SEGMENTATION BASED ON HISTORIC 
DATA TO DENTIFY PATCHES ON A TOUCH 

SENSOR PANEL 

FIELD OF THE INVENTION 

This relates to touch sensor panels used as input devices for 
computing systems, and more particularly, to techniques for 
identifying touch patches from images of touch and process 
ing the identified touch patches to obtain more accurate touch 
patches. 

BACKGROUND OF THE INVENTION 

Many types of input devices are presently available for 
performing operations in a computing system, Such as buttons 
or keys, mice, trackballs, touch sensor panels, joysticks, 
touch screens and the like. Touch screens, in particular, are 
becoming increasingly popular because of their ease and 
Versatility of operation as well as their declining price. Touch 
screens can include a touch sensor panel, which can be a clear 
panel with a touch-sensitive surface, and a display device that 
can be positioned behind the panel so that the touch-sensitive 
surface can substantially cover the viewable area of the dis 
play device. Touch screens can allow a user to perform Vari 
ous functions by touching the touch sensor panel using a 
finger, stylus or other object at a location dictated by a user 
interface (UI) being displayed by the display device. In gen 
eral, touch screens can recognize a touch event and the posi 
tion of the touch event on the touch sensor panel, and the 
computing system can then interpret the touch event in accor 
dance with the display appearing at the time of the touch 
event, and thereafter can perform one or more actions based 
on the touch event. 

However, because users of touch sensor panels can touch 
the sensor panel using different fingers, hand positions and 
orientations, and apply these touches with varying degrees of 
force, it can be difficult to properly interpret the touch events 
detected on the sensor panel and take appropriate actions. 

SUMMARY OF THE INVENTION 

This relates to applying a watershed algorithm to pixels and 
their touch values obtained from a scan of a touch sensor 
panel to determine patches corresponding to images of touch. 
Prior to applying the watershed algorithm, background pixels 
having little or no touch values can be eliminated from con 
sideration, and some amount of smoothing can be performed 
on the pixels to connect overly segmented patches. After the 
watershed algorithm has been applied, patches whose pixels 
are substantially linear (e.g. lie within a single row or col 
umn), or patches having a very small number of pixels can be 
eliminated from consideration as being attributed to noise or 
other errors. 
A primary merge algorithm can then be utilized to merge 

adjacent patches together when the saddle point between 
them is shallow as compared to the peak represented by the 
patches. However, if two candidate patches for merging have 
a total number of pixels below a certain threshold, these two 
patches may not be merged under the assumption that the 
patches might have been caused by different fingertips. Con 
versely, if two candidate patches for merging have a total 
number of pixels above a certain threshold, these two patches 
can be merged under the assumption that the patches were 
caused by a single thumb or palm. Alternatively or in addi 
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2 
tion, if two candidate patches for merging were part of a 
single large patch in a previous panel Scan, these two patches 
can be merged under the assumption that the two patches 
were generated from the same finger or palm. 

Additionally, if a small patch is located substantially 
directly below a medium-sized patch, this can be indicative of 
a fingertip and phalange patch, and these two patches can be 
merged. If a large object such as a face or ear is expected, the 
merging criteria described above can be made more aggres 
sive under the assumption that the patches were generated 
from a single large object. Based on the location of the iden 
tified patches, hand or finger orientations can be determined, 
which can be used to further identify which patches can be 
merged together. Bounding boxes defined around each patch 
can limit the number of pixels that need to be iteratively 
considered during post-watershed processing. 

Centroids, which define the center point of patches, can be 
used in post-watershed processing. However, partial patches 
formed at the edges of the touch sensor panel due to the 
presence of a finger only partially over the touch sensorpanel 
can lead to inaccurate centroid calculations. To improve the 
accuracy of centroid calculations for partial patches at the 
edges of touch sensor panels, a percentage of the pixels in the 
last column of the patch can be duplicated into an artificial 
phantom column of pixels that can be used to generate a more 
accurate centroid location. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an exemplary computing system imple 
menting pre-watershed processing, the watershed algorithm, 
and post-watershed processing according to one embodiment 
of this invention. 

FIG. 2a illustrates an exemplary symbolic three-dimen 
sional image of touch for demonstrating the bottom-up water 
shed algorithm for identifying touch patches on a touchsen 
Sor panel. 

FIG. 2b is a top view of the exemplary symbolic three 
dimensional image of touch shown in FIG. 2a, including the 
four exemplary paths traced in FIG.2a. 

FIG. 2C is a top view of the exemplary symbolic three 
dimensional image of touch shown in FIG. 2a, including a 
number of exemplary traced paths for each patch and back 
ground pixels that can be eliminated from consideration 
according to one embodiment of this invention. 

FIG. 3a illustrates an exemplary thumb and two patches 
generated as a result of over-segmentation of the thumb 
touching the touch sensor panel. 

FIG. 3b illustrates the exemplary thumb and the two 
patches of FIG. 3a merged into a single patch using spatial 
Smoothing according to one embodiment of this invention. 

FIG. 4 illustrates an exemplary one-dimensional image of 
touch in which the two adjacent peaks separated by a saddle 
point are compared to establish criteria for merging according 
to one embodiment of this invention. 

FIG. 5 illustrates exemplary patches caused by a right hand 
touching a sensor panel and the merging of selected patches 
according to one embodiment of this invention. 

FIG. 6 illustrates exemplary bounding boxes that can be 
established around each patch to limit the number of itera 
tions in post-watershed merging algorithms according to one 
embodiment of this invention. 

FIG. 7 illustrates an exemplary image of touch at an edge of 
a touch sensor panel and a methodology for computing a 
centroid with enhanced accuracy according to one embodi 
ment of this invention. 
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FIG. 8a illustrates an exemplary mobile telephone that can 
include a touch sensor panel, display device, and other com 
puting system blocks in the computing system of FIG. 1 that 
can execute the watershed algorithm and post-watershed 
operations according to one embodiment of this invention. 

FIG. 8b illustrates an exemplary digital audio/video player 
that can include a touch sensor panel, display device, and 
other computing system blocks in the computing system of 
FIG. 1 that can execute the watershed algorithm and post 
watershed operations according to one embodiment of this 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

In the following description of preferred embodiments, 
reference is made to the accompanying drawings which form 
a parthereof, and in which it is shown by way of illustration 
specific embodiments in which the invention can be prac 
ticed. It is to be understood that other embodiments can be 
used and structural changes can be made without departing 
from the scope of the embodiments of this invention. 

This relates to applying a watershed algorithm to pixels and 
their touch values obtained from a scan of a touch sensor 
panel to determine patches corresponding to images of touch. 
Prior to applying the watershed algorithm, background pixels 
having little or no touch values can be eliminated from con 
sideration, and some amount of smoothing can be performed 
on the pixels to connect overly segmented patches. After the 
watershed algorithm has been applied, patches whose pixels 
are substantially linear (e.g. lie within a single row or col 
umn), or patches having a very small number of pixels can be 
eliminated from consideration as being attributed to noise or 
other errors. 
A primary merge algorithm can then be utilized to merge 

adjacent patches together when the saddle point between 
them is shallow as compared to the peak represented by the 
patches. However, if two candidate patches for merging have 
a total number of pixels below a certain threshold, these two 
patches may not be merged under the assumption that the 
patches might have been caused by different fingertips. Con 
versely, if two candidate patches for merging have a total 
number of pixels above a certain threshold, these two patches 
can be merged under the assumption that the patches were 
caused by a single thumb or palm. Alternatively or in addi 
tion, if two candidate patches for merging were part of a 
single large patch in a previous panel scan, these two patches 
can be merged under the assumption that the two patches 
were generated from the same finger or palm. 

Additionally, if a small patch is located substantially 
directly below a medium-sized patch, this can be indicative of 
a fingertip and phalange patch, and these two patches can be 
merged. If a large object Such as a face or ear is expected, the 
merging criteria described above can be made more aggres 
sive under the assumption that the patches were generated 
from a single large object. Based on the location of the iden 
tified patches, hand or finger orientations can be determined, 
which can be used to further identify which patches can be 
merged together. Bounding boxes defined around each patch 
can limit the number of pixels that need to be iteratively 
considered during post-watershed processing. 

Centroids, which define the center point of patches, can be 
used in post-watershed processing. However, partial patches 
formed at the edges of the touch sensor panel due to the 
presence of a finger only partially over the touch sensorpanel 
can lead to inaccurate centroid calculations. To improve the 
accuracy of centroid calculations for partial patches at the 
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4 
edges of touch sensor panels, a percentage of the pixels in the 
last column of the patch can be duplicated into an artificial 
phantom column of pixels that can be used to generate a more 
accurate centroid location. 

Although some embodiments of this invention may be 
described generally herein in terms of touch sensor panels, it 
should be understood that embodiments of the invention can 
be applicable to both touchscreens and touch tablets (touch 
sensor panels without a display device). Furthermore, 
although the touch sensors in the touch sensor panel may be 
described herein in terms of an orthogonal array of touch 
sensors having rows and columns, it should be understood 
that embodiments of this invention are not limited to orthogo 
nal arrays, but can be generally applicable to touch sensors 
arranged in any number of dimensions and orientations, 
including diagonal, concentric circle, and three-dimensional 
and random orientations. 

FIG. 1 illustrates exemplary computing system 100 imple 
menting pre-watershed processing, the watershed algorithm, 
and post-watershed processing according to embodiments of 
the invention. Computing system 100 can include one or more 
panel processors 102 and peripherals 104, and panel sub 
system 106. One or more panel processors 102 can include, 
for example, ARM968 processors or other processors with 
similar functionality and capabilities. However, in other 
embodiments, the panel processor functionality can be imple 
mented instead by dedicated logic, such as a state machine. 
One or more panel processors 102 or host processor 128 can 
execute software or firmware implementing the algorithm for 
distinguishing sloppy taps from sliding motions according to 
embodiments of the invention. Peripherals 104 can include, 
but are not limited to, random access memory (RAM) or other 
types of memory or storage, watchdog timers and the like. 
Panel subsystem 106 can include, but is not limited to, one or 
more analog channels 108, channel scan logic 110 and driver 
logic 114. Channel scan logic 110 can access RAM 112, 
autonomously read data from the analog channels and pro 
vide control for the analog channels. In addition, channel scan 
logic 110 can control driver logic 114 to generate stimulation 
signals 116 at one or more frequencies and phases that can be 
selectively applied to rows of touch sensor panel 124. In some 
embodiments, panel subsystem 106, panel processor 102 and 
peripherals 104 can be integrated into a single application 
specific integrated circuit (ASIC). 
Touch sensor panel 124 can include a capacitive sensing 

medium having a plurality of row traces or driving lines and 
a plurality of column traces or sensing lines, although other 
sensing media can also be used. The row and column traces 
can be formed from a transparent conductive medium such as 
Indium Tin Oxide (ITO) or Antimony Tin Oxide (ATO), 
although other transparent and non-transparent materials 
Such as copper can also be used. In some embodiments, the 
row and column traces can be perpendicular to each other, 
although in other embodiments other non-Cartesian orienta 
tions are possible. For example, in a polar coordinate system, 
the sensing lines can be concentric circles and the driving 
lines can be radially extending lines (or vice versa). It should 
be understood, therefore, that the terms “row' and “column.” 
“first dimension' and 'second dimension, or “first axis' and 
'second axis' as used herein are intended to encompass not 
only orthogonal grids, but the intersecting traces of other 
geometric configurations having first and second dimensions 
(e.g. the concentric and radial lines of a polar-coordinate 
arrangement). The rows and columns can be formed on a 
single side of a Substantially transparent Substrate separated 
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by a Substantially transparent dielectric material, on opposite 
sides of the Substrate, or on two separate Substrates separated 
by the dielectric material. 

At the “intersections of the traces, where the traces pass 
above and below (cross) each other (but do not make direct 
electrical contact with each other), the traces can essentially 
form two electrodes (although more than two traces could 
intersect as well) representing a capacitive sensor. Each 
capacitive sensor can be viewed as picture element (pixel) 
126, which can be particularly useful when touch sensor 
panel 124 is viewed as capturing an "image' of touch over a 
frame (one complete scan of the panel). (In other words, after 
panel subsystem 106 has determined whether a touch event 
has been detected at each touch sensor in the touch sensor 
panel, the pattern of touch sensors in the multi-touch panel at 
which a touch event occurred can be viewed as an “image' of 
touch (e.g. a pattern of fingers touching the panel).) The 
capacitance between row and column electrodes appears as a 
Stray capacitance when the given row is held at direct current 
(DC) voltage levels and as a mutual signal capacitance Csig 
when the given row is stimulated with an alternating current 
(AC) signal. The presence of a finger or other object near or on 
the touch sensor panel can be detected by measuring changes 
to a signal charge Qsig present at the pixels being touched, 
which is a function of Csig. Each column of touch sensor 
panel 124 can drive one or more analog channels 108 (also 
referred to herein as an event detection and demodulation 
circuit) in panel subsystem 106. Each analog channel 108 can 
generate a value representative of an amount of touch being 
sensed at the connected column, which can be indicative of a 
touch event at one or more pixels along that column. Touch 
sensor panel 124 can include single-touch or multi-touch 
sensor panels, the latter of which is described in Applicants 
co-pending U.S. application Ser. No. 10/842,862 entitled 
“Multipoint Touchscreen.” filed on May 6, 2004 and pub 
lished as U.S. Published Application No. 2006/0097991 on 
May 11, 2006, the contents of which are incorporated by 
reference herein. 

Computing system 100 can also include host processor 128 
for receiving outputs from panel processor 102 and perform 
ing actions based on the outputs that can include, but are not 
limited to, moving an object such as a cursor or pointer, 
scrolling or panning, adjusting control settings, opening a file 
or document, viewing a menu, making a selection, executing 
instructions, operating a peripheral device connected to the 
host device, answering a telephone call, placing a telephone 
call, terminating a telephone call, changing the Volume or 
audio settings, storing information related to telephone com 
munications such as addresses, frequently dialed numbers, 
received calls, missed calls, logging onto a computer or a 
computer network, permitting authorized individuals access 
to restricted areas of the computer or computer network, 
loading a user profile associated with a user's preferred 
arrangement of the computer desktop, permitting access to 
web content, launching a particular program, encrypting or 
decoding a message, and/or the like. Host processor 128 can 
also perform additional functions that may not be related to 
panel processing, and can be coupled to program storage 132 
and display device 130 such as an LCD display for providing 
a UI to a user of the device. 

FIG.2a illustrates exemplary symbolic three-dimensional 
image of touch 200 for demonstrating a bottom-up watershed 
algorithm for identifying touch patches on touch sensor panel 
202. The watershed algorithm (and all other pre- and post 
watershed processing described herein) can be software or 
firmware executed by either the host processor or the panel 
processor in the computing system of FIG.1. The raised areas 
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6 
ontouch sensor panel 202 can representanamount of touch (a 
touch value) sensed at each pixel in the sensor panel (an image 
of touch). Each pixel can be labeled with a patch or watershed 
number. Starting from any unlabeled pixel, the watershed 
algorithm can select a pixel from a group of pixels that can 
include the unlabeled pixel as the centerpixel and one or more 
neighboring pixels (wherein “neighboring can be dependent 
on the arrangement of the pixels), the selection based on the 
pixel having the largest touch value. If the selected pixel is 
unlabeled, the original center pixel can be displaced with the 
selected pixel, which can then be recursively followed to the 
next neighbor with the largest touch value. The process can 
continue, the path of pixels being stored for later recollection, 
until a labeled pixel is selected, at which time all pixels in the 
path can be labeled with the same label as the selected labeled 
pixel, oran unlabeled peak is found (a pixel with no neighbors 
having touch values higher than itself). That peak can labeled 
with a unique patch or watershed number, and all pixels in the 
path can be labeled with the same patch number as the newly 
labeled peak. In some embodiments, the touch value of the 
peak can be required to exceed a threshold value before the 
peak will be actually recognized as a peak. After all unlabeled 
pixels are located, traced, and labeled, all peaks in the image 
of touch can be identified. Each peak, and all pixels labeled 
with the same patch number as that peak, can collectively be 
viewed as a patch. The execution of the watershed algorithm 
to identify patches from the collected image of touch can be 
performed after every panel Scan. 

In the example of FIG. 2a, the algorithm can follow the 
path identified by points A-F (each point representing a pixel) 
until an unlabeled peak is found at point F. The pixel at that 
point can be labeled as patch 1, and all pixels in the path can 
also be labeled as patch 1. Another unlabeled pixel can be 
located (see point G), perhaps randomly, and the algorithm 
can follow the path identified by points G-K until an unla 
beled peak is found at point K. The pixel at that point can be 
labeled as patch 2, and all pixels in the path can also be labeled 
as patch 2. Another unlabeled pixel can be located (see point 
L), perhaps randomly, and the algorithm can follow the path 
identified by points L-N until it joins with a previously 
labeled pixel at point D (labeled with patch 1), at which time 
all pixels in the path would be labeled with the same patch as 
the located labeled pixel (patch 1). Another unlabeled pixel 
can be located (see point O), perhaps randomly, and the 
algorithm can follow the path identified by points O-U until 
an unlabeled peak is found at point U. The pixel at that point 
can be labeled as patch 3, and all pixels in the path can also be 
labeled as patch 3. 

FIG. 2b is a top view of the exemplary symbolic three 
dimensional image of touch 200 shown in FIG. 2a, including 
the four exemplary paths traced in FIG.2a. 

FIG. 2C is a top view of the exemplary symbolic three 
dimensional image of touch shown in FIG. 2a, including a 
number of exemplary traced paths for each patch number. 
FIG.2c shows patches 1-3 corresponding to peaks 1-3. 

It should be noted that other less computationally intensive 
methods can also locate the peaks, such as simply identifying 
the pixels with the highest touch values as the peaks, looking 
outward from the peaks, and identifying all pixels near the 
peak with touch values within a certain amount of the peak as 
the patch for that peak. However, this method can be less 
accurate in identifying the precise image of touch, because it 
can be limited to ellipsoidal patches, and can not locate more 
complex patches such as spiral-shaped patches. 
One inaccuracy that can occur with the watershed algo 

rithm described above is that if the current unlabeled pixel is 
the center of a peak plateau (i.e. its neighbors are also peaks 
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with the same or lesser touch value), a new path and separate 
patch can get started at each pixel of the plateau instead of 
including the whole plateau within one patch. In Such a case, 
no other neighbors will exceed and displace the center pixel, 
even if they have already been marked as peaks and allocated 
a patch number. To avoid this situation, the algorithm can be 
modified to allow a number of the neighboring pixels to 
displace the center pixel if their touch values are greater than 
or equal to the touch value of the centerpixel When faced with 
a flat peak plateau, this implementation can result in the pixel 
in the northeast corner of the plateau being designated as the 
peak. Other pixels will not technically be considered peaks, 
and can return a neighboring pixel to the north or east until the 
recursion finds the northeast corner pixel, at which point a 
new patch can be started. In practice, the ellipsoidal shape of 
most finger contacts can ensure that touch images are unlikely 
to contain very large, flat plateaus. Accordingly, the northeast 
corner pixel that can get marked as a peak is unlikely to be 
more than a pixel or two away from the geometric plateau 
Center. 

The watershed algorithm described above can be a fully 
recursive procedure, traversing ever highertouch value pixels 
until a peak is found, then returning back through the same 
pixel sequence to the starting pixel. However, function call 
stack space can be in short Supply, making deep recursions 
inappropriate. Therefore, the watershed algorithm according 
to embodiments of the invention can implement a stack that 
only stores the coordinates (two words) for each pixel being 
traversed along a path, rather thana whole function call frame 
(greater than a dozen words) if it called itself recursively. The 
path does not terminate until the peak or a previously labeled 
pixel is reached. After the path is terminated, a marking loop 
can unroll the coordinates in the stack, and can label each 
pixel with the patch number of the located peak. 

Note that in FIG. 2c, background pixels 204 having no 
touch value (and therefore were not part of any pixel path 
during the execution of the watershed algorithm) can repre 
sent areas that were not touched Surround the patches. In 
embodiments of the invention, these background pixels 204 
can be eliminated from consideration prior to executing the 
watershed algorithm to improve computational efficiency. 

FIG.3a illustrates exemplary thumb 300 and two areas of 
increased touch values 302 and 304 that can be generated as 
a result of the thumb touching the touch sensor panel, a rolling 
of the thumb, skin creases, or noise in the topology of the 
image. Other hand parts Such as a palm can also produce 
similar separated areas of increased touch values. 

FIG.3b illustrates exemplary thumb 300 and the two areas 
of increased touch values of FIG.3a merged into a single area 
of increased touch values 306 using spatial Smoothing 
according to embodiments of the invention. Spatially 
Smoothing the touch values (i.e. lowering the peaks and rais 
ing the Valleys) prior to performing the watershed algorithm 
can help to connect the areas of increased touch values as 
shown in FIG.3b. Smoothing an image prior to application of 
the watershed algorithm can reduce the number of spurious 
peaks and prevent over-segmentation and creation of separate 
patches, especially under palms where the pixel touch values 
may resemble a noisy plateau. Smoothing in known palm 
areas is disclosed in U.S. Pat. No. 6,323,846 entitled “Method 
and Apparatus for Integrating Manual Input, the contents of 
which are incorporated by reference herein for all purposes. 

Centroid interpolation can be impossible for one-dimen 
sional patches, i.e. patches whose pixels all lie within a single 
row or column, because signals from at least two columns and 
two rows are needed to interpolate along X and Y axes, 
respectively. One-dimensional patches can be caused either 
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8 
by isolated noise spikes or by loose connections in a whole 
row or column electrode, not by significantly proximal fin 
gers. After the watershed algorithm has been performed and 
patches have been identified, embodiments of the invention 
can call a “cull function to remove one-dimensional patches 
or patches having less than three pixels from a patch list 
before proceeding to patch merging or patch centroid com 
putations. In addition, isolated single pixels with very high or 
low values as compared to other neighbors can be excluded as 
noise. 
To track movement of identified patches, maps from two 

consecutive images can be obtained and compared to see 
which patches overlap. This can be referred to as patch over 
lap tracking. In patch overlap tracking, if two patches in 
consecutive panel scans overlap, it can be assumed that the 
patches are from the same touch. Previous touch tracking 
Solutions disclosed finding the centroid of patches in frames 
and associating the closest centroids as being from the same 
finger. The patches can also be artificially grown to a larger 
size to assist with tracking higher speed or large movements. 

After the watershed algorithm is performed and patches are 
obtained, embodiments of the invention can perform a post 
watershed merge to joinpatches that were created by the same 
finger or palm, for example. The following techniques can be 
independent of hand position estimates or finger identifica 
tions, and thus can be utilized in firmware lacking access to 
operating systems of the dynamic hand model. 

Flattened finger joints can produce separate patches, and 
palms can produce several separate patches. However, the 
proximity Valleys between noise-induced peaks under a 
single, contiguous hand part are usually not as deep as the 
proximity valleys from two physically distinct fingers with a 
flesh crease or real space between them. Therefore, according 
to one embodiment of the invention, adjoining patches can be 
merged when the saddle point along their shared border is not 
very “deep.” For example, two adjacent patches can be 
merged when the saddle magnitude is more than 60-80% of 
the two patches peak magnitudes. 

FIG. 4 illustrates an exemplary one-dimensional image of 
touch 400 wherein two adjacent peaks 402 and 406 separated 
by saddle point 404 (the maximum height of the valley 
between peaks 402 and 406) are compared to compute a peak 
heights A and B, saddle magnitude C, and establish criteria 
for merging according to embodiments of the invention. In 
FIG. 4, heights A, B and C can be obtained from the panel 
Scan, and ratios C/A and C/B can be computed accordingly. If 
one or both of the ratios are large (e.g. greater than 60-80%), 
indicating that at least one of the peaks is a small local peak 
(as compared to the adjacent valley), that local peak can be 
merged with an adjacent peak. 
To identify saddle point 404, it should be understood that 

mathematically, a saddle point can be defined as a point where 
a local minimum along one axis coincides with a local maxi 
mum along the other axis, and can be the typical topology 
found between two peaks. Because borders between adjoin 
ing watershed regions delineate the valleys (local minima) 
between peaks, the saddle point can be the maximum of these 
local minima, i.e. the maximum of the “valley” pixels that 
straddle patch borders. 

Because the border between adjoining patches can be 
jagged and irregular, there may be no easy way to iterate just 
the border pixels. However, it is possible to iterate over the 
entire rectangular bounds (described hereinafter) of both 
patches, testing the patch map for pixel pairs that straddle the 
A and B watershed regions. Because the saddle point will 
almost always lie roughly between the peaks, it is possible to 
iterate over the rectangle between the two peaks to further 
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narrow the search. It should be noted that the saddle point 
might not be directly between the patch peaks if the ridge 
between the peaks is spiral or arc-shaped instead of Straight, 
but in Such odd cases the patches can be kept separate instead 
of merged. 

If the primary merge rule were to be applied globally to all 
patches, it can undesirably merge Small fingertips when they 
are Squeezed together. Thus, in another embodiment of the 
invention, two patches will not be merged if both patches are 
fingertip-small, i.e. below a predetermined threshold. For 
example, two patches will not be merged if their combined 
pixel count is less than 20-22 pixels. This exception can have 
Some dependencies on sensor resolution and fingertip size. 
For devices with dense (closely spaced) electrode grids, Small 
fingertips can create more pixels per patch and the threshold 
can be raised accordingly. Although patches for large finger 
tips can exceed the pixel count threshold, the further separa 
tion and deeper Valleys between large fingertips can create 
smaller saddle-peak ratios that lessen the risk for false 
merger. 

In one embodiment of the invention designed primarily for 
thumbs and palms, two patches can be merged when the 
combined size of the patches is greater than a predetermined 
number of pixels (e.g. 30 pixels) and therefore are likely to 
represent thumb patches. This assumes that patches from two 
different non-thumb fingers (patches that should not be 
merged) would most likely have a combined patch size less 
than the predetermined number of pixels and would not be 
merged. However, because a heel patch can also be close to 
the thumb patches, to avoid merging a heel patch, the depth of 
the valley between the two candidate patches can be used to 
determine whether merging is proper. For example, if the 
depth of the valley between two patches is large, it can be 
assumed that one of the patches is a heel patch, and therefore 
the two patches should not be merged. In another embodi 
ment, especially useful for thumbs, look at the previous 
image—if there was a single patch previously, but now there 
are two, merge the two patches. 
A typical thumb patch can be about the same size as two 

fingertip patches but with only one peak, no valleys and no 
saddle points. However, the thumb can roll against the sensor 
grid in Such a way that a second peak grows, splitting the 
thumb patch. Because this is a relatively rare, intermittent 
occurrence easily corrected by the primary merge rule, a safe 
way can be provided to bypass the fingertip exception for 
Small patches that have temporarily split from a larger, single 
patch. Embodiments of the invention can ignore the com 
bined pixel count, i.e. go ahead with primary merging if the 
pixels for the currently split patches were, in the previous 
frame's watershed map, all part of a single large patch. In 
other words, this rule can create merging hysteresis, tending 
to merge Small patches that were already merged in past 
frames. 

In the special case of flattened hands and fingers, a consis 
tent hand-device orientation can be assumed. Phalange joints 
can cause Small patches below the main fingertip patches, and 
these Small patches can begin to show up in touch images as 
fingers fully flatten. However, the valleys separating the pha 
lange patches from the main fingertip patches can be fairly 
deep, at least initially. Thus, to merge phalange joints into the 
main fingertip patches, the saddle-peak ratio threshold must 
be lowered. Using a phalange-fingertip merge rule according 
to embodiments of the invention, when a small patch is 
located substantially directly below a medium-sized patch 
(presumably the flattened fingertip), the saddle-peak thresh 
old for the primary merge rule can be lowered to 15-25%. 
Note that the “below a medium-sized patch' aspect can be 
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10 
important. If the saddle-peak threshold were lowered for a 
patch to the side of a medium-sized patch, undesirable merges 
of adjacent fingers can occur. Lowering the threshold for a 
patch above a medium-large patch can encourage merging of 
the phalange joints into flattened palm patches. 
The merging process can require a nested iteration through 

a list of patches, testing each patch A in the patch list against 
each of its neighbors B. First, it can be determined whether 
patch A adjoins patch B (i.e. their bounds are adjacent or 
overlapping). Next, the fingertip and thumb exceptions 
described above can be evaluated for applicability. If patches 
A and B are indicated as candidates for merging, the saddle 
point between the patches can be identified (see below), and 
the saddle magnitude criteria for merging according to the 
primary merge rule can be lowered. For example, two adja 
cent patches can be merged when the saddle magnitude is 
only 15-20% of the two patches peak magnitudes. If the 
primary merge rule indicates that patches A and B can be 
merged, they are marked as such, but are not yet actually 
merged until after all merges have been identified. 

In another embodiment, if a large object Such as a face is 
expected, merging can be performed more aggressively 
(more often). When only fingers are anticipated, merging can 
be done less aggressively (less often). For example, if a far 
field proximity sensor is available, then if the far-field prox 
imity sensor detects a large object Such as a face, one or more 
of the merging criteria described above can be relaxed to 
allow for more aggressive merging of patches caused by the 
face. 

FIG. 5 illustrates exemplary patches caused by a right hand 
500 touching sensor panel 502 and the merging of selected 
patches according to embodiments of the invention. In one 
embodiment, substantially vertically aligned patches 504, 
506 and 508 (e.g. adjacent patches having X-coordinates 
within a certain narrow range), as determined by their com 
puted centroids, can be merged under the assumption that 
Such patches were caused by the same finger. In this embodi 
ment, hand or finger orientation need not be known. In the 
example of FIG.4, index finger patches have simplified coor 
dinates of (8.3), (9.2) and (9,1), and because the X-coordi 
nates are all with one unit of each other, these three patches 
can be merged. 

In another embodiment, hand or finger orientations can be 
computed based on an estimated source and orientation of 
one or more patches. For example, the patches (8.3), (9.2) and 
(9.1) in FIG. 5 can be assumed to be from an index finger 
(because of the location of the thumb patch), and the angle of 
the index finger with respect to an axis can be calculated. 
Alternatively, the orientation offingers can be estimated from 
the elongated shape of the patches in a particular direction. 
Based on this estimated angle, the index finger patches 504, 
506 and 508 and other groups of patches can be separately 
merged as described above. In the example of FIG. 5, if the 
hand angle is calculated to be 10 degrees past vertical, no 
groups of Substantially horizontally aligned non-thumb 
patches (e.g. within t45 degrees of horizontal) can be 
merged, but groups of Substantially vertically aligned non 
thumb patches can be merged. In other words, if the orienta 
tion of fingers or the hand can be estimated, columns (as 
opposed to rows) can be merged more aggressively. 

In another embodiment, if the patches can be estimated to 
be from an index finger, merging can be made less likely as 
compared to patches known to be from a palm, because an 
index finger may have a middle finger next to it. 

FIG. 6 illustrates an exemplary image of touch in sensor 
panel 600 with bounding boxes 602 that can be established 
around each patch to limit the number of iterations in the 
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post-watershed merge algorithms mentioned above, and also 
that can be used as a quick test for adjacency, according to 
embodiments of the invention. Once a patch has been started 
at a peak, the watershed algorithm can expand the patch's 
bounding box as each pixel is added to the patch. Once the 
bounding boxes for all patches have been defined, any time an 
iteration of all of the pixels in a patch is needed, only the 
pixels in a particular box containing the patch can be iterated. 
This can be more efficient than iterating over all pixels in the 
entire sensor panel, which can be mainly background pixels 
with no recorded image of touch. This can also simplify patch 
processing into object-oriented functions computing on one 
patch at a time, and only storing intermediate statistics on one 
patch at a time, rather than tackling all patches within a 
whole-image iteration loop, and maintaining intermediate 
statistics on all patches at once. 

FIG. 7 illustrates exemplary patch 702 at an edge of touch 
sensor panel 700 and a methodology for computing a centroid 
with enhanced accuracy according to embodiments of the 
invention. As shown in FIG. 7, finger 706 only partially posi 
tioned over the panel at the edge of the panel produces partial 
patch 702. Because the software can improperly interpret 
partial patch 702 as representing an entire finger image, cen 
troid 710 can be calculated that is closer to the finger tip than 
it should be. To avoid this, Some predetermined percentage 
(e.g. 25-50%) of the pixels in the last column of pixels 712 on 
panel 700 for which a touch was detected can be duplicated 
into a phantom column 714 to generate artificially enlarged 
patch 708. Artificially enlarged patch 708 can be used to 
compute a more accurate centroid. 

FIG. 8a illustrates an exemplary mobile telephone 836 that 
can include touch sensor panel 824, display device 830, and 
other computing system blocks in computing system 100 of 
FIG. 1 that can execute the watershed algorithm and post 
watershed operations according to embodiments of the inven 
tion. 

FIG. 8b illustrates an exemplary digital audio/video player 
838 that can include touch sensor panel 824, display device 
830, and other computing system blocks incomputing system 
100 of FIG. 1 that can execute the watershed algorithm and 
post-watershed operations according to embodiments of the 
invention. 

Although embodiments of this invention have been fully 
described with reference to the accompanying drawings, it is 
to be noted that various changes and modifications will 
become apparent to those skilled in the art. Such changes and 
modifications are to be understood as being included within 
the scope of embodiments of this invention as defined by the 
appended claims. 

What is claimed is: 
1. A method for identifying and processing patches indica 

tive of touch events from a plurality of pixels having touch 
values captured during a scan of a touch sensor panel, com 
prising: 

eliminating pixels having touch values indicative of no 
touch events prior to performing a watershed algorithm; 

performing the watershed algorithm on non-eliminated 
pixels to identify the patches, wherein each iteration of 
the watershed algorithm starts from an unlabeled non 
eliminated pixel and traces a path through other unla 
beled pixels of increasing touch value until a pixel 
labeled with a patch number is found, at which time all 
pixels in the path are labeled with the same patch number 
as the labeled pixel, or a peak is found, at which time the 
peak is assigned a unique patch number and all pixels in 
the path are labeled with the unique patch number, the 
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12 
peak being an unlabeled pixel having the highest touch 
value among its neighboring pixels; and 

performing a post-watershed merge of two or more iden 
tified patches as determined by the labeled pixels. 

2. The method of claim 1, further comprising deleting those 
identified patches whose pixels are substantially linear, or 
patches that include a predetermined Small number of pixels, 
prior to performing the watershed algorithm. 

3. The method of claim 1, further comprising spatially 
Smoothing the touch values of the pixels prior to performing 
the watershed algorithm. 

4. The method of claim 1, wherein the two or more identi 
fied patches comprise two or more patches having one or 
more saddle points between them that are shallow as com 
pared to the peaks represented by the patches. 

5. The method of claim 4, further comprising overruling 
the post-watershed merge if the two patches have a total 
number of pixels below a threshold. 

6. The method of claim 1, wherein the two or more identi 
fied patches have a total number of pixels above a threshold. 

7. The method of claim 1, wherein the two or more identi 
fied patches were part of a single large patch in a previous 
panel scan. 

8. The method of claim 1, wherein the two or more identi 
fied patches include a first larger patch and a second Smaller 
patch located substantially directly below the first patch. 

9. The method of claim 4, further comprising altering cri 
teria to increase the likelihood of performing the post-water 
shed merge if a large object was expected to cause the touch 
eVentS. 

10. The method of claim 1, further comprising: 
determining centroids for one or more of the patches; 
estimating an orientation of a hand from locations of the 

centroids; and 
performing the post-watershed merge of the two or more 

identified patches if the centroids of the two or more 
patches are consistent with a single finger and the ori 
entation of the hand. 

11. The method of claim 1, further comprising computing 
a bounding box around a patch to assist in limiting a number 
of pixels to be considered in post-watershed processing of the 
patch. 

12. The method of claim 1, further comprising computing 
a centroid for each patch located at an edge of the touch sensor 
panel and generated by a finger partially off the touch sensor 
panel by adding a phantom line of pixels outside the touch 
sensor panel to the computation of the centroid. 

13. The method of claim 1, further comprising tracking the 
pixels in the paths formed during the performance of the 
watershed algorithm by storing only coordinates of the pixels 
in the paths. 

14. A method for identifying and processing patches 
indicative of touch events from a plurality of pixels having 
touch values captured during a scan of a touch sensor panel, 
comprising: 

performing a watershed algorithm to identify the patches, 
wherein each iteration of the watershed algorithm starts 
from an unlabeled pixel and traces a path through other 
unlabeled pixels of increasing touch values until a pixel 
labeled with a patch number is found, at which time all 
pixels in the path are labeled with the same patch number 
as the labeled pixel, or a peak is found, at which time the 
peak is assigned a unique patch number and all pixels in 
the path are labeled with the unique patch number, the 
peak being an unlabeled pixel having the highest touch 
value among its neighboring pixels; and 
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performing a post-watershed merge of two patches having 
a saddle point between them that is shallow as compared 
to the peaks represented by the patches. 

15. The method of claim 14, further comprising eliminat 
ing pixels having touch values indicative of no touch events 
prior to performing the watershed algorithm. 

16. The method of claim 14, further comprising deleting 
those identified patches whose pixels are substantially linear, 
or patches that include a predetermined small number of 
pixels. 

17. The method of claim 14, further comprising spatially 
Smoothing the touch values of the pixels prior to performing 
the watershed algorithm. 

18. The method of claim 14, further comprising overruling 
the post-watershed merge if the two patches have a total 
number of pixels below a threshold. 

19. The method of claim 14, further comprising perform 
ing the post-watershed merge of the two patches if the two 
patches have a total number of pixels above a threshold. 

20. The method of claim 14, further comprising perform 
ing the post-watershed merge of the two patches if the two 
patches were part of a single large patch in a previous panel 
SCall. 

21. The method of claim 14, further comprising perform 
ing the post-watershed merge of the two patches if the two 
patches include a first larger patch and a second Smaller patch 
located substantially directly below the first patch. 

22. The method of claim 14, further comprising altering 
criteria to increase the likelihood of performing the post 
watershed merge if a large object was expected to cause the 
touch events. 

23. The method of claim 14, further comprising: 
determining centroids for one or more of the patches; 
estimating an orientation of a hand from locations of the 

centroids; and 
performing the post-watershed merge of the two patches if 

the centroids of the two patches are consistent with a 
single finger and the orientation of the hand. 

24. The method of claim 14, further comprising computing 
a bounding box around a patch to assist in limiting a number 
of pixels to be considered in post-watershed processing of the 
patch. 

25. The method of claim 14, further comprising computing 
a centroid for each patch located at an edge of the touch sensor 
panel and generated by a finger partially off the touch sensor 
panel by adding a phantom line of pixels outside the touch 
sensor panel to the computation of the centroid. 

26. A computer-readable medium comprising program 
code for identifying and processing patches indicative of 
touch events from a plurality of pixels having touch values 
captured during a scan of a touch sensor panel, the program 
code for causing performance of a method comprising: 

eliminating pixels having touch values indicative of no 
touch events prior to performing a watershed algorithm; 

performing the watershed algorithm on non-eliminated 
pixels to identify the patches, wherein each iteration of 
the watershed algorithm starts from an unlabeled non 
eliminated pixel and traces a path through other unla 
beled pixels of increasing touch values until a pixel 
labeled with a patch number is found, at which time all 
pixels in the path are labeled with the same patch number 
as the labeled pixel, or a peak is found, at which time the 
peak is assigned a unique patch number and all pixels in 
the path are labeled with the unique patch number, the 
peak being an unlabeled pixel having the highest touch 
value among its neighboring pixels; and 
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performing a post-watershed merge of two or more iden 

tified patches as determined by the labeled pixels. 
27. The computer-readable medium of claim 26, the pro 

gram code further for causing performance of a method com 
prising deleting those identified patches whose pixels are 
Substantially linear, or patches that include a predetermined 
Small number of pixels, prior to performing the watershed 
algorithm. 

28. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising spatially Smoothing the touch values of the pixels 
prior to performing the watershed algorithm. 

29. The computer-readable medium of claim 26, wherein 
the two or more identified patches comprise two patches 
having a saddle point between them that is shallow as com 
pared to the peaks represented by the patches. 

30. The computer-readable medium of claim 29, the pro 
gram code further for causing performance of a method com 
prising overruling the post-watershed merge if the two 
patches have a total number of pixels below a threshold. 

31. The computer-readable medium of claim 26, wherein 
the two or more identified patches have a total number of 
pixels above a threshold. 

32. The computer-readable medium of claim 26, wherein 
the two or more identified patches were part of a single large 
patch in a previous panel scan. 

33. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising performing the post-watershed merge of a first larger 
patch and a second Smaller patch if the second patch is located 
substantially directly below the first patch. 

34. The computer-readable medium of claim 29, the pro 
gram code further for causing performance of a method com 
prising altering criteria to increase the likelihood of perform 
ing the post-watershed merge if a large object was expected to 
cause the touch events. 

35. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising: 

determining centroids for one or more of the patches; 
estimating an orientation of a hand from locations of the 

centroids; and 
performing the post-watershed merge of two patches if the 

centroids of the two patches are consistent with a single 
finger and the orientation of the hand. 

36. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising computing a bounding box around a patch to assist in 
limiting a number of pixels to be considered in post-water 
shed processing of the patch. 

37. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising computing a centroid for each patch located at an edge 
of the touch sensor panel and generated by a finger partially 
off the touch sensor panel by adding a phantom line of pixels 
outside the touch sensor panel to the computation of the 
centroid. 

38. The computer-readable medium of claim 26, the pro 
gram code further for causing performance of a method com 
prising tracking the pixels in the paths formed during the 
performance of the watershed algorithm by storing only coor 
dinates of the pixels in the paths. 

39. A computer-readable storage medium comprising pro 
gram code for identifying and processing patches indicative 
of touch events from a plurality of pixels having touch values 
captured during a scan of a touch sensor panel, the program 
code for causing performance of a method comprising: 
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performing a watershed algorithm to identify the patches, 
wherein each iteration of the watershed algorithm starts 
from an unlabeled pixel and traces a path through other 
unlabeled pixels of increasing touch values until a pixel 
labeled with a patch number is found, at which time all 5 
pixels in the path are labeled with the same patch number 
as the labeled pixel, or a peak is found, at which time the 
peak is assigned a unique patch number and all pixels in 
the path are labeled with the unique patch number, the 
peak being an unlabeled pixel having the highest touch 
value among its neighboring pixels; and 

performing a post-watershed merge of two patches having 
a saddle point between them that is shallow as compared 
to the peaks represented by the patches. 

40. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising eliminating pixels having touch values 
indicative of no touch events prior to performing the water 
shed algorithm. 

41. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising deleting those identified patches whose 
pixels are Substantially linear, or patches that include a pre 
determined small number of pixels. 

42. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising spatially smoothing the touch values of 
the pixels prior to performing the watershed algorithm. 

43. The computer-readable storage medium of claim 39, 30 
the program code further for causing performance of a 
method comprising overruling the post-watershed merge if 
the two patches have a total number of pixels below a thresh 
old. 

44. The computer-readable storage medium of claim 39, 35 
the program code further for causing performance of a 
method comprising performing the post-watershed merge of 
the two patches if the two patches have a total number of 
pixels above a threshold. 

45. The computer-readable storage medium of claim 39, 40 
the program code further for causing performance of a 
method comprising performing the post-watershed merge of 
the two patches if the the two patches were part of a single 
large patch in a previous panel Scan. 

46. The computer-readable storage medium of claim 39, 45 
the program code further for causing performance of a 
method comprising performing the post-watershed merge of 
the two patches if the two patches include a first larger patch 
and a second Smaller patch located Substantially directly 
below the first patch. 

47. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising altering criteria to increase the likelihood 
of performing the post-watershed merge if a large object was 
expected to cause the touch events. 

48. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising: 

determining centroids for one or more of the patches; 
estimating an orientation of a hand from locations of the 

centroids; and 
performing the post-watershed merge of the two patches if 

the centroids of the two patches are consistent with a 
single finger and the orientation of the hand. 

49. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising computing a bounding box around a 
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patch to assist in limiting a number of pixels to be considered 
in post-watershed processing of the patch. 

50. The computer-readable storage medium of claim 39, 
the program code further for causing performance of a 
method comprising computing a centroid for each patch 
located at an edge of the touch sensor panel and generated by 
a finger partially off the touch sensor panel by adding a 
phantom line of pixels outside the touch sensor panel to the 
computation of the centroid. 

51. A computing system comprising the computer-read 
able storage medium of claim 39. 

52. A mobile telephone comprising the computing system 
of claim 51. 

53. A digital audio player comprising the computing sys 
tem of claim 51. 

54. A mobile telephone including a computer-readable 
storage medium comprising program code for identifying and 
processing patches indicative of touch events from a plurality 
of pixels having touch values captured during a scan of a 
touch sensor panel, the program code for causing perfor 
mance of a method comprising: 

performing a watershed algorithm to identify the patches, 
wherein each iteration of the watershed algorithm starts 
from an unlabed pixel and traces a path through other 
unlabeled pixels of increasing touch values until a pixel 
labeled with a patch number is found, at which time all 
pixels in the path are labeled with the same patch number 
as the labeled pixel, or a peak is found, at which time the 
peak is assigned a unique patch number and all pixels in 
the path are labeled with the unique patch number, the 
peak being an unlabeled pixel having the highest touch 
value among its neighboring pixels; and 

performing a post-watershed merge of two patches having 
a saddle point between them that is shallow as compared 
to the peaks represented by the patches. 

55. A digital audio player including a computer-readable 
medium comprising program code for identifying and pro 
cessing patches indicative of touch events from a plurality of 
pixels having touch values captured during a scan of a touch 
sensor panel, the program code for causing performance of a 
method comprising: 

performing a watershed algorithm to identify the patches, 
wherein each iteration of the watershed algorithm starts 
from an unlabeled pixel and traces a path through unla 
beled pixels of increasing touch values by starting each 
path from an unlabeled pixel until a pixel labeled with a 
patch number is found, at which time all pixels in the 
path are labeled with the same patch number as the 
labeled pixel, or a peak is found, at which time the peak 
is assigned a unique patch number and all pixels in the 
path are labeled with the unique patch number, the peak 
being an unlabeled pixel having the highest touch value 
among its neighboring pixels; and 

performing a post-watershed merge of two patches having 
a saddle point between them that is shallow as compared 
to the peaks represented by the patches. 

56. An apparatus for identifying and processing patches 
indicative of touch events from a plurality of pixels having 
touch values captured during a scan of a touch sensor panel, 
comprising: 
means for performing a watershed algorithm to identify the 

patches, wherein each iteration of the watershed algo 
rithm starts from an unlabeled pixel and traces a path 
through other unlabeled pixels of increasing touch val 
ues until a pixel labeled with a patch number is found, at 
which time all pixels in the path are labeled with the 
same patch number as the labeled pixel, or a peak is 
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found, at which time the peak is assigned a unique patch means for performing a post-watershed merge of two 
number and all pixels in the path are labeled with the patches having a saddle point between them that is shal 
unique patch number, the peak being an unlabeled pixel low as compared to the peaks represented by the patches. 
having the highest touch value among its neighboring 
pixels; and k . . . . 
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