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Description
FIELD OF THE DISCLOSURE

[0001] The present disclosure generally relates to electronic displays, and more particularly to monitoring degradation
of elements within organic light emitting diode based displays.

BACKGROUND

[0002] Advancements in the design of Organic Light Emitting Diode (OLEDs) displays, such as Active Matrix OLED
(AMOLED) displays, have resulted in an increase in the variety of applications that incorporate such display technology.
Unlike many other types of conventional backlit LCD designs, AMOLED devices include light emitters in each individual
pixel and require no backlight. These individual pixels emit light with intensity proportional to the electrical current supplied
to the in-pixel OLED device. This OLED current (I gp) is controlled by circuits associated with each pixel, which may
include one or more thin film transistor. (TFT).

[0003] AMOLED displays inherently degrade upon prolonged usage. AMOLED displays typically contain in-pixel circuit
algorithms to compensate for transistor and OLED material degradation. These in-pixel algorithms are optimized for
panel performance (luminance, spatial uniformity, etc) and reliability. However, the limits of compensation provided by
these in-pixel circuit algorithms can be reached after prolonged and continuous usage. Once these limits are reached,
the optical performance of the display reduces and is able to cause the panel to be un-usable or to at least fail out of
specification.

[0004] The TFT devices generally implement an algorithm that is applied to externally supplied image data to supply
the OLED element with an |5 gp that results in the desired grayscale level for that pixel. The TFT configuration that
applies this algorithm is referred to as an "in-pixel compensation circuit." The performance of the TFT components of a
display commonly exhibit variations over time, variations relative to different locations across the display, or both. Deg-
radation of OLED device elements themselves includes decreases over time of both turn on voltage (VF) and quantum
efficiency (QE). The effect of the combination of the degradation of the TFT components and OLED components results
in both atemporal and a spatial degradation in optical performance for the display. This composite degradation is referred
to as "OLED panel aging". OLED panel aging results in optical luminance degradation that is spatially, temporally, and
content dependent.

[0005] Therefore, the long term usability and performance of a display is able to be improved by an efficient technique
that spatially monitors, i.e., across the pixels of a display, the actual performance degradation of a display over time to
produce display aging compensation coefficients that are used to compensate grayscale data supplied to each pixel of
the display.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying figures where like reference numerals refer to identical or functionally similar elements
throughout the separate views, and which together with the detailed description below are incorporated in and form part
of the specification, serve to further illustrate various embodiments and to explain various principles and advantages all
in accordance with the present disclosure, in which:

[0007] FIG. 1 illustrates a handheld communications device, according to one example;

[0008] FIG. 2illustrates an Active Matrix Organic Light Emitting Diode (AMOLED) display aging compensation system
block diagram, according to one example;

[0009] FIG. 3 illustrates a display aging compensation processing flow, according to one example;

[0010] FIG. 4 illustrates a baseline electrical current determination process, according to one example;

[0011] FIG. 5 illustrates pixel electrical current vs. grayscale value relationships, according to one example;

[0012] FIG. 6 illustrates an OLED panel pixel interconnection diagram, in accordance with one example;

[0013] FIG. 7 illustrates a display region definition, according to one example; and

[0014] FIG. 8is ablock diagram of an electronic device and associated components in which the systems and methods
disclosed herein may be implemented.

DETAILED DESCRIPTION

[0015] As required, detailed embodiments are disclosed herein; however, it is to be understood that the disclosed
embodiments are merely examples and that the systems and methods described below can be embodied in various
forms. Therefore, specific structural and functional details disclosed herein are not to be interpreted as limiting, but
merely as a basis for the claims and as a representative basis for teaching one skilled in the art to variously employ the
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disclosed subject matter in virtually any appropriately detailed structure and function. Further, the terms and phrases
used herein are not intended to be limiting, but rather, to provide an understandable description.

[0016] Theterms "a" or"an", as used herein, are defined as one or more than one. The term plurality, as used herein,
is defined as two or more than two. The term another, as used herein, is defined as at least a second or more. The terms
"including" and "having," as used herein, are defined as comprising (i.e., open language). The term "coupled," as used
herein, is defined as "connected," although not necessarily directly, and not necessarily mechanically. The term "con-
figured to" describes hardware, software or a combination of hardware and software that is adapted to, set up, arranged,
built, composed, constructed, designed or that has any combination of these characteristics to carry out a given function.
The term "adapted to" describes hardware, software or a combination of hardware and software that is capable of, able
to accommodate, to make, or that is suitable to carry out a given function.

[0017] The below described systems and methods allow characterization of pixel performance degradation due to
aging indisplays that include pixels that consume electrical current where the relationship between pixel electrical current
consumption and the pixel intensity value driving pixels in the display changes over age. An aging compensation matrix
is determined that defines compensation values to be applied to image pixel intensity values to compensate for the
characterized performance degradation of the pixels in the display. In the examples described below, circuits providing
image data to the display are able to use the aging compensation matrix to modify the value of pixel intensity data to
compensate for the decrease in light output as a function of pixel intensity command that occurs as the display ages.
[0018] Inthe case of Active Matrix Organic Light Emitting Diode (AMOLED) displays, each pixel is driven with a desired
light emission intensity value for that pixel, which is usually provided in the form of a voltage driving the individual pixel.
In an example, each pixel has an element, such as a thin film transistor (TFT), that converts the voltage level representing
pixel intensity into a current level that drives the organic light emitting diode (OLED) element that is part of that pixel. As
the display ages, the performance of the pixel degrades in a manner that results in a decrease in the value of the electrical
current passing through the OLED element when the pixel is driven with the same light emission intensity voltage. In
general, this causes the pixels of the display "dim" with age when the display is displaying a particular image.

[0019] As used herein, the term "pixel performance degradation" relates to a decrease in emitted light intensity of a
pixel that occurs over time when that pixel is driven by a fixed intensity command. In OLED displays, the emitted light
intensity of a pixel is generally proportional to the electrical current consumed by the pixel. Therefore, in the example of
an OLED display, the performance degradation of a pixel is able to be measured by a decrease in electrical current
consumption by the pixel when the pixel is commanded to emit the same intensity level.

[0020] The below described examples operate to determine the decrease in electrical current consumed by each pixel
for a given pixel intensity command. The performance degradation of the pixels in a display is able to vary at different
locations across the display. The below described examples do not include additional circuitry in the pixels of the display,
or on the data or select lines of the display, to determine the performance degradation of pixels in the display. To
characterize the pixel performance degradation of a display at a particular time, the below described examples measure
the total electrical current consumed by the display at that particular time, which is referred to herein as a measured
total electrical current consumption, while the display is displaying each test pattern image within a number of test pattern
images. A respective baseline total electrical current consumption value for the display that is associated with each test
pattern image is also determined. A respective baseline total electrical current consumption value that is associated with
arespective test pattern image is the value of electrical current consumed by the display when displaying that respective
test pattern image and when the display is in a particular state of aging. In one example, the baseline total electrical
current consumption values correspond to electrical current consumption of the display when displaying the test pattern
images when the display is new and un-aged. In further examples, the baseline total electrical current consumption
values are able to correspond to any aged state of the display or its component pixels. In various examples, the baseline
total electrical current consumption is determined by: retrieving a previously measured value, calculating a value based
upon baseline performance data for each pixel, or by other techniques. In the following examples, the difference between
the respective baseline total electrical current consumed by the display and the respective value of measured total
electrical current consumed by the display for each test pattern image is attributed to the performance degradation of
the pixels in the display, and used to determine aging compensation values for the pixels.

[0021] The following examples determines differences, for a number of test pattern images, in total electrical current
consumption of a display over time and mathematically determines the difference in electrical current consumed by each
pixel in the display based only on these differences in total electrical current consumption. The total electrical current
consumed by the display is a summation of the electrical current consumed by each pixel in the display. For a display
with "m" total pixels, the value of i;,, i.€., the total electrical current consumption of the display, is able to be represented
as a sum of the electrical current consumption of each pixel, as can be represented by the following equation:

[0022] iipiq =i * 5 ... iy, Where m = number of pixels in the display

[0023] In order to determine the electrical current consumed by the display, the below examples display a number of
test pattern images and measures the total electrical current consumed by the display while displaying each of those
test pattern image. As a display ages, each term in the above equation decreases due to the performance degradation
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of the pixels. The i, amount therefore decreases as well.

[0024] In the below described examples, a measured total electrical current consumption of the display while it is
displaying a particular image is compared to a baseline total electrical current consumption associated with that image.
The baseline total electrical current consumption associated with a particularimage is able to be, for example, a measured
electrical current consumption that is measured when that display, or a similar display, is new and is displaying that
particular image. In various examples, the baseline current is able to be measured for each display device, is able to be
measured for a batch or family of display devices, is able to be calculated based upon electrical current draw models
derived for a display through various techniques, by other methods, or any combination of these techniques. In further
examples, the baseline electrical current consumption is determined for a particular display at different times as the
device ages. One or more of these measured electrical current consumption values for the "new" display or a similar
display in one example is able to be stored in the device for future retrieval and comparison to measured current
consumption by the display as the pixels age. In the following discussion, a "new" display refers to a display that has
un-aged pixels. It is clear that as used below, the characteristics referred to as existing when a display is "new" are also
able to refer to characteristics that exist when the display is at a particular age.

[0025] In a further example, the baseline total electrical current consumption associated with a particular image that
is used for comparison with values of measured electrical current consumed by aged displays is able to be a theoretical
total electrical current consumption that is calculated by applying a pixel intensity value of each pixel of an image to an
electrical current consumption model for an un-aged pixel of the display. The modeled electrical current consumption
of each pixel, given the intensity command for each pixel and the model of intensity command vs. electrical current, is
then summed for each pixel to arrive at a baseline total electrical current consumption. In various examples, the modeled
electrical current consumption for a pixel is empirically measured for a pixel of a display similar to this display, or the
modeled electrical current consumption is able to be based on, for example, the electrical design of the pixel.

[0026] In various examples, values of baseline electrical current consumption data for an individual pixel of particular
display are able to be determined by one or more techniques. One technique to determine baseline electrical current
consumption data for an individual pixel is by reference to the design electrical design of the pixel components. An
analysis of the electrical design and physical properties of components of a pixel will yield a theoretical electrical current
consumption value for the pixel. Another technique averages electrical current consumption measurements that are
made on a significant number of samples of similar displays. A further technique includes continuing to measure electrical
current consumption of pixels of that particular display module over time.

[0027] In the below described examples, differences between the baseline total electrical current consumed by the
display and the value of total measured electrical current are calculated for each test pattern image. These differences
in total electrical current consumption by the display are attributed to decreases in electrical current consumption of
pixels of the display due to aging. The differences between the baseline i, and the measured iy, can be restated by
substituting the above equation. This results in:

Liotal-basctine — Ltotal-measured = Al

A1 = (11~baseline - 1l—measured) v (lm-baseline - 11n-measured)

Ai= (Aly) ... + (i)

[0028] Where: Ai, is the change of electrical current for the first pixel between the baseline state and the present,
measured state.

[0029] Ai,, is the change in electrical current for the mth pixel between the baseline state and the present, measured
state.

[0030] One set of the above equations is able to be formed for each displayed test pattern image. In one example,
the number of displayed test pattern images, and the number of electrical current value differences determined, is equal
to the number of pixels in the display. This results in a number of the above equations that equals the number of pixels
in the display. The change in electrical current consumption of each pixel is therefore able to be determined by solving
that system of "m" equations to derive the "m" values of Ai. Because each pixel is driven with the same intensity level
for a particular test pattern image, the change in electrical current for a particular pixel, e.g., the value of Ai, for the pixel
"x," is able to be attributed to the performance degradation of the pixel due to aging.
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[0031] In one example of the below processing, the percentage decrease of pixel electrical current consumption is
assumed to be approximately constant for a wide range of pixel intensity values. Stated another way, if an intensity
command for a full pixel intensity value is observed to have a ten percent (10%) decrease in electrical current for a pixel,
then the electrical current decrease for other values of pixel intensity values is assumed to also be approximately ten
percent (10%) for that pixel. This constant percentage relationship of pixel performance degradation for a wide range
of pixel intensity values is applied in one example to determine an aging compensation matrix that includes a coefficient
value for each pixel that is a reciprocal of the observed decrease in electrical current consumption of that pixel for a
given pixel intensity value.

[0032] This relationship is based on the understanding that a percentage drop in emitted intensity of an OLED element
is related to the intensity level at which the OLED element is operated and the amount of time that the particular OLED
element is operated at that intensity. As in illustration, if one OLED element is observed to have, for example, a ten
percent (10%) drop in intensity after being operated at a particular intensity level for a particular time duration, then the
emitted intensity levels, and therefore the electrical current consumption, of all pixels will drop by the same percentage.
[0033] In some of the below described examples, the above described processing is performed by grouping pixels of
the display into regions of the display. When characterizing the degradation of regions of pixels in the display, an aging
correction matrix stores one correction factor that is to be applied to each pixel in the region. In characterizing the
performance degradation of the pixels in the display, the processing is able to display test pattern images that effectively
evaluate all or part of the pixels in the region. Several types of test pattern images are able to be used to characterize
the degradation of regions of pixels in the display instead of each pixel in the display. Examples of such test pattern
images include, for example, images that command an equal pixel intensity value for each pixel of each region, images
that provide a non-zero pixel intensity value for one pixel or less than all pixels in the region while providing a zero pixel
intensity value for the other pixels in each region, or any other type of test pattern image is able to be used. In characterizing
the degradation of regions of pixels in the display, a processor is also able to use one of the above images or any arbitrary
image and determine an average pixel intensity for each region and use that pixel intensity value to calculate a baseline
electrical current for the display using the average intensity command for each region. In general, each region of the
display is able to include contiguous pixels or non-contiguous pixel such that pixels of different regions are intermixed
with one another. Further, the regions of the display are able to be all of equal size, or some of the different regions are
able to be of unequal sizes. Such regions are also able to be rectangular, square, of any defined shape, or are able to
not define any shape. In the following discussion, similar processing is used to determine the degradation of either each
pixel of a multiple pixel display or of each region of pixels of the multiple pixel display. The term "respective group of at
least one pixel" refers to either one respective pixel of the multiple pixel display, or of a respective region of pixels of the
multiple pixel display.

[0034] The different test pattern images in the sequence of the number of test pattern images that are displayed as
described above are able to define any image pattern. In various examples, some or all of the test pattern images in the
number of test pattern images are able to have pixels that form an intensity gradient in one or two dimensions across
the image. The differentimages are able to have, for example, one or more of: different gradient rates across the image,
gradients that extend in different directions, or any other variations. In one example, the gradients are not monotonic,
thereby allowing test pattern images to have various optical patterns that are not constrained. In general, the different
test pattern images have different pixel intensity values for at least one pixel relative to the other test pattern images to
allow for characterization of each pixel in the display.

[0035] FIG. 1illustrates a handheld communications device 100, according to one example. The example handheld
communications device 100 reflects an example of a portable electronic device 102, such as a Personal Digital Assistant
(PDA), a smart-phone, a cellular telephone, a tablet computer, or any other type of portable electronic device. In general,
a handheld device refers to any device that is sized, shaped and designed to be held or carried in a human hand. The
portable electronic device 102 includes a wireless communications subsystem, described below, that is able to exchange
voice and data signals. In one example, the wireless communications subsystem is able to receive a wireless signal
conveying data tables to be displayed by the portable electronic device.

[0036] In one example, the handheld communications device 100 is an example of a device in which the systems and
methods disclosed herein are able to be implemented. In one example, the handheld communications device 100 is a
wireless two-way communication device with voice and data communication capabilities. Such electronic devices com-
municate with a wireless voice or data network via a suitable wireless communications protocol. Data communications
allow the handheld communications device 100 to communicate with other computer systems via the Internet. Of vari-
ations of devices similar to the handheld communications device 100 include data messaging devices, two-way pagers,
cellular telephones with data messaging capabilities, wireless Internet appliances or a data communication devices that
may or may not include telephony capabilities..

[0037] The portable electronic device 102 includes an earpiece speaker 104 that is used to generate output audio to
a user engaged in, for example, a telephone call. A microphone 120 is able to receive audible signals, such as a user’s
voice, and produce an electrical signal representing the audible signal. The portable electronic device 102 further includes
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a keyboard 106 that allows a user to enter alpha numeric data for use by, for example, application programs executing
on the portable electronic device.

[0038] The portable electronic device 102 has a display 108. The display 108 depicted in FIG. 1 is an Active Matrix
Organic Light Emitting Diode (AMOLED) graphical alpha numeric display capable of displaying various images to a user.
The portable electronic device 102 is an example of an electronic display device, where the depicted display 108 is a
multiple pixel display. In further examples, an electronic display device is able to be any electronic device with a display,
where the electronic display device is able to be of any size and include hardware, software, or combinations of hardware
and software to perform any processing that is able to be associated with presenting information on a multiple pixel
display or that performs any other function.

[0039] The display 108 in one example is a touchscreen user interface device that allows a user to touch the screen
of the display 108 to select items and to perform gestures, such as swiping a finger across the screen of the display
108, to provide a user interface input to an application program operating on the portable electronic device 102. In
response to a user’s gesture, such as swiping, or moving, a finger touching the screen of the display 108 across the
screen, the display 108 receives a user interface input that is associated with the gesture performed by the user. The
portable electronic device 102 further includes a display aging compensation component, such as is described herein,
to provide aging compensation to images displayed on the display 108.

[0040] The portable electronic device 102 further has a first selection button 112 and a second selection button 114.
In one example, a user is able to select various functions or select various options presented on the display 108 by
pressing either the first selection button 112 or the second selection button 114. In another example, the first selection
button 112 and the second selection button 114 are associated with particular functions that are performed in response
to pressing the respective button. The portable electronic device 102 also has a trackpad 110. Trackpad 110 is able to
receive input indicating a direction or movement, a magnitude of movement, a velocity of movement, or a combination
of these quantities, in response to a user moving a finger across the face of trackpad 110.

[0041] In further examples, a user is able to use various techniques to provide inputs that are received by a processor
of the portable electronic device 102. For example, microphone 120 is able to receive audible voice commands uttered
by a user and process those audible voice commands to create an input signal that are received by other processes to
control further processing. A user is also able to use keyboard 106 to enter text based commands that a processor of
the portable electronic device 102 interprets to produce inputs that are received by other processes to control further
processing.

[0042] FIG. 2illustrates an Active Matrix Organic Light Emitting Diode (AMOLED) display aging compensation system
block diagram 200, according to one example. The AMOLED display aging compensation system block diagram 200 is
an example of an electronic display subsystem that receives data defining images, including sequences of images
forming a video presentation, through an image source interface 220 and produces signals to drive an AMOLED display
202 to present images represented by the received data. As described below, the AMOLED display aging compensation
system block diagram 200 includes an aging monitor 210 that operates to characterize performance degradation of
pixels in the display 202 that occurs as the display 202 ages. Based upon the performance degradation characterizations
of the pixels of the display 202, the aging monitor 210 determines a display aging compensation matrix 212. In one
example, the display generator 208 modifies, based upon values in the display aging compensation matrix 212, data
received by the image source interface 220 and relayed to the display generator 208 in order to generate data signals
provided to the display 202. Modification of the data received through the image source interface 220 operates to
compensate for performance degradations of pixels in the display 202 due to aging and therefore improves the quality
of images displayed by the display 202 as it ages.

[0043] Invarious examples, the aging monitor 210 determines compensation values that are to be applied to respective
groups of at least one pixel, which are able to consist of either each pixel of display 202, or of regions of pixels within
display 202. The display 202 in some examples contains a large number of pixels, and the degradation of pixel perform-
ance is often not uniform across the area of the display 202. Pixel performance characteristics that degrade over time
include, for example, the value of TFT and OLED element characteristics such as TFT threshold voltage (V5), field effect
effective mobility (wggg), and sub-threshold slope (SS), as well as OLED characteristics such as turn on voltage (VF)
and quantum efficiency (QE). These pixel performance characteristics are able to degrade at different rates at different
positions across the display 202. In order to better compensate for the aging of pixels in the display 202, the aging
monitor 210 separately monitors the performance characteristics of pixels in different parts of the display 202.

[0044] Insome examples, the aging monitor 210 characterizes the performance degradation of each pixel in the display
202 and determines a separate compensation parameter for each pixel in the display 202. In other examples, such as
in some examples where the display 202 has a large number of pixels, the aging monitor 210 determines performance
degradation characteristics for groups of pixels that are arranged as a number of defined regions of pixels. In one
example, each region includes a number of contiguous, neighboring pixels. In an example of the aging monitor 210 that
determines performance degradation characteristics for the pixels in a number of regions, all pixels in a particular region
are treated as a single group of pixels and the degradation of all of the pixels in that particular region is characterized
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as a single unit. The aging monitor 210 in one example determines a corresponding correction value that is to be used
for all of the pixels in that particular region based upon the characterized performance degradation of pixels in that
particular region. In general, the change in pixel performance due to aging may not vary appreciably over small portions
of a large display. A display generator 208 that compensates image data by applying a common compensation factor
for all pixels in a particular region, where that compensation factor is determined based upon characterizing the per-
formance degradation of pixels in that region, is able to provide acceptable long term display performance in some
examples.

[0045] Insome examples, the display 202 is a color display where each pixel in the display has a number of sub-pixels
of different colors. In one example, display 202 includes three sub-pixels for each pixel where each pixel includes a red
sub-pixel, a green sub-pixel, and a blue sub-pixel. In some examples, the aging monitor 210 measures performance
degradation by treating all sub-pixels of each pixel as a group. When treating all sub-pixels as a group, the aging monitor
210 determines one corrector factor for each pixel and that correction factor is applied to all sub-pixels of that pixel. In
further examples, the aging monitor 210 measures performance degradation of each sub-pixel and determines separate
correction factors for each sub-pixel, where those separate correction factors are then applied to the data driving that
respective sub-pixel. In further examples, subsets that consist of a number of pixels are able to be included in respective
regions of pixels, where the performance degradation is characterized and compensation values are determined for all
pixels within each region, as is discussed above.

[0046] The aging monitor 210 of one example measures performance degradation of pixels within the display 202 by
sequentially providing data defining different test pattern images to the display generator 208. In some examples, the
AMOLED display aging compensation system block diagram 200 maintains a test pattern images storage 214 that stores
a number of test pattern images. In one example, each of these test pattern images specifies different grayscale levels
for each pixel, or region of pixels. In one example, the number of individual test pattern images stored in the test pattern
images 214 is equal to the number of pixels or regions for which performance degradation is characterized, and for
which aging compensation factors are determined.

[0047] The aging monitor 210 of one example operates by monitoring the total amount of electrical current consumed
by the display 202 when the display is being driven with each data set defining the respective test pattern image that is
to be displayed. In one example, the display 202 is driven with signals to sequentially display a number of test pattern
images and the electrical current consumed by the display 202 is measured by an electrical current meter 206. The
aging monitor 210 receives values corresponding to the measured electrical current drawn during the time that each
test pattern image is displayed.

[0048] In one example, the aging monitor 210 compares the measured electrical current drawn by the display 202 to
a stored baseline electrical current associated with the particular test pattern image being displayed. In one example,
the Active Matrix Organic Light Emitting Diode (AMOLED) display aging compensation system block diagram 200 includes
a previous test pattern total current measurements storage 216 that stores one or more baseline electrical current values
that are associated with each test pattern image. An example of a baseline electrical current value that is stored for each
test pattern image is a measured electrical current drawn by display 202 when the display is new and its pixels have not
aged. Another example of a baseline electrical current value that is stored for each test pattern image is a calculated
value of the electrical current that is expected to be drawn by display 202 when displaying the test pattern image. The
calculated value of the electrical current is determined in one example by analysis of the design of display 202 and the
intensity of each pixel of the display when displaying that test pattern image.

[0049] Inafurther example, the aging monitor 210 operational images, which are images to be displayed on the display
202, are used as test pattern images. In this context, an operational image is an image that is produced by a component
or source not associated with the AMOLED display aging compensation system block diagram 200, and is generally a
stand-alone image or one or more images that form a video that a user desires to view. In general, image source interface
couples to an external image source (not shown) and receives data defining operational images. The display generator
208, in turn, receives data defining operational images from the image source interface 220 and, based upon the data
defining the operational images, produces data to drive the display 202 to property display the operational image. In
one example that uses operational images as test pattern images, the data defining the respective operational images
is also provided to the aging monitor 210. In some of those examples, data characterizing the electrical current con-
sumption of new, un-aged display pixels is combined with the pixel intensity levels, e.g., the grayscale levels of the pixels
of an operational image, to determine baseline electrical current consumption data for a new, un-aged display that is
displaying the operational image.

[0050] In one example, an image is displayed on the display 202 by driving each pixel with a pixel intensity value,
which is also referred to herein as a grayscale value. The data defining the image to be displayed in one example consists
of a series of digital values for each pixel, where, for example, the grayscale level of each pixel is represented by eight
(8) bits and is therefore able to have a value between zero (0) and two hundred and fifty-five (255). In general, the
grayscale value reflects a voltage that is applied to a TFT transistor of that pixel, which sets a level of electrical current
that flows through the OLED element of that pixel. As an OLED element ages, the electrical current that flows through
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the OLED element of that pixel decreases for a particular grayscale level driving that pixel. The light emitted by the OLED
element of each pixel is correspondingly reduced as the pixel ages, requiring compensation to the intensity level driving
that pixel if the pixel is to continue to emit the desired pixel intensity value.

[0051] Inoneexample, the aging monitor 210 determines a difference between the present measured electrical current
consumed by the display 202 when displaying a particular test pattern image and the baseline electrical current associated
with that particular test pattern image. The aging monitor 210 in one example sequentially causes a number of test
pattern images to be displayed and a difference is calculated between the measured electrical current drawn by the
display while displaying each image and the baseline electrical current value associated with the corresponding test
pattern image. One electrical current consumption difference is calculated and stored for each displayed image. This
assembly of stored electrical current consumption differences is used, as is described in detail below, to characterize
the performance degradation of each pixel, or groups of pixels, in the display 202. In this example, the performance
degradation of each pixel is characterized by determining a decrease in electrical current that is consumed by that pixel
whenitis driven by a particular grayscale level. As is also described in detail below, a display aging compensation matrix
212 is determined based upon these assembled electrical current value differences and the grayscale image data for
each test pattern image. This display aging compensation matrix 212 in one example stores a scaling factor for each
pixel that is to be applied to the image grayscale level driving that pixel in order to cause that pixel to consume the same
amount of current that a new, un-aged pixel would consume, and therefore emit the same level of light, when being
driven by that grayscale level.

[0052] In one example, the data used to determine the aging compensation factors for each pixel or region of pixels
is assembled into a vector or matrix form. Although the structure of pixels within display 202 are similar to a two dimensional
matrix, the calculations of some examples described below that are used to characterize pixel performance degradation
and to determine the aging compensation factors for each pixel or region of pixels arrange such values in a vector format.
In such a structure, the vector consists of the value of the first row or column followed by the values of successive rows
or columns. Although pixel aging characterization data is described below as being stored in a one dimensional vector,
the aging compensation values for the pixels of a display 202 are able to be represented as a two dimensional aging
compensation matrix where each row of pixels in display 202 has a corresponding row of values in the aging compensation
matrix. Each of these rows has a number of values that equals the number of pixels in each row of pixels of the display
202. For example, a display that has 480 rows of 640 pixels each is able to be represented as a two dimensional matrix
with 480 rows of 640 values each. Such a matrix has (480X640) or 307,200 values.

[0053] In the following description, the variable "m" indicates the total number of pixels, or regions of pixels, for which
aging compensation factors are to be determined. In the example of a 480X640 display, m=307,200. In the following
description, the variable "n" indicates the number of test pattern images that are displayed on the display 202 for which
measurements of electrical current drawn by display 202 are made and recorded.

[0054] In one example, the aging monitor 210 creates a test pattern GrayScale (GS) definition matrix that stores the
grayscale values of each pixel of the test pattern images. The test pattern GS definition matrix of one example is a two-
dimensional matrix that has one column for each test pattern image. Each column of this test pattern GS definition matrix
has "m" values or rows that contain the grayscale value defined for that pixel of that test pattern image. In a manner
similar to that described above with regards to the aging compensation vector, each two dimensional test pattern image
is represented as a respective vector in the test pattern GS definition matrix. As an illustration of the test pattern GS
definition matrix, each test pattern is represented as a vertical vector, where each vertical vector contains on entry, or
row, containing the grayscale value of its respective pixel. These vertical vectors are arranged as columns of the two
dimensional test pattern GS definition matrix. An example of a test pattern GS definition matrix is:

S I N

1|1 l
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[0055] In the above representation, the matrix consisting of several vertical vectors indicated as image,, image, and
image,, illustrates the GS Definition matrix where vertical vectors represent the grayscale values of the n pixels of each
test pattern image. The rightmost matrix depicts a two dimensional "n X m" matrix containing the individual "m’ grayscale
values of each of the "n" test pattern images. In the above GS Definition matrix:
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[0056] GS,, is the grayscale value of the first pixel of test pattern image 1.

[0057] GS,, is the grayscale value of the first pixel of test pattern image 2.

[0058] GS, is the grayscale value of the first pixel of test pattern image "n."

[0059] GS,, is the grayscale value of the second pixel of test pattern image 1.

[0060] GS,, is the grayscale value of the second pixel of test pattern image 2.

[0061] GS,, is the grayscale value of the second pixel of test pattern image "n."

[0062] GS,,, is the grayscale value of the mth pixel of test pattern image 1.

[0063] GS,, is the grayscale value of the mth pixel of test pattern image 2.

[0064] GS,, is the grayscale value of the mt pixel of test pattern image "n."

[0065] Based on the above described grayscale information for the "n" images, the total electrical current drawn by
the display 202 is able to be calculated based upon the electrical current consumed or drawn by each pixel in the display.
In general, an OLED pixel has a non-linear relationship between the grayscale value at which the element is driven and
the amount of electrical current that is consumed by the display pixel. Although the display pixel grayscale value to
electrical current consumption relationship is non-linear, it is possible to linearize portions of the curve in a region that
corresponds to variations of the relationship due to aging.

[0066] The total electrical current consumed by a display when displaying a particular image is able to be represented
or calculated by using a linearized values of the display pixel grayscale value to electrical current consumption relationship.
For a particularimage, indicated in the below description as image, that has "m" pixels and that is displayed on a display
with "m" pixels, the total current drawn by the display is able to be represented as:

11 = GS11*Cy + GS2*Cy + ... GS1p*Chy

[0067] where:

[0068] i, is the total electrical current drawn while displaying image;,

[0069] GS,4, GS;,, and GS,,,, are the grayscale values of each of the "m" pixels,

[0070] C,, C,, and C,, are the linearized value of the display pixel grayscale value to electrical current consumption
relationship in the vicinity of the value of its respective grayscale (GS) value.

[0071] In one example, the aging monitor 210 stores, for each test pattern image, a baseline electrical current value
that represents the value of electrical current consumed by the display when displaying that test pattern image. The
baseline electrical current value for a particular image is dependent upon the grayscale value of each pixel in the text
pattern image and each test pattern image is typically associated with a different baseline electrical current value. The
baseline electrical current value is able indicate the electrical current consumed by the display when the display is new
and no pixel aging has occurred. In various examples, the baseline current is able to be measured for each display
device, is able to be measured for a batch or family of display devices, is able to be calculated based upon electrical
current draw models derived for a display through various techniques, by other methods, or any combination of these
techniques. In further examples, the baseline electrical current consumption is determined for a particular display at
different times as the device ages.

[0072] Baseline electrical current measurements for a display are either stored, such as in the case of using defined
and stored test pattern images stored in the test pattern image storage 214, or are calculated such as in the case of
using arbitrary test pattern images. A previous test pattern total current measurements storage 216 stores baseline
electrical current measurements in the case of using stored test pattern images. Calculation of baseline electrical current
consumption of the display when displaying arbitrary test pattern images is based upon an algorithm that incorporates
empirical pixel electrical current consumption characterization data for un-aged or aged pixels of the display being
calibrated. These algorithms in one example utilize data stored in an empirical pixel electrical current consumption
characterization storage 218.

[0073] The aging of the display 202 in one example is characterized by measuring the total electrical current con-
sumption for the display 202 when displaying a number of images and comparing the measured total electrical current
consumption to the baseline value, as described above, that is associated with the particular image. The total electrical
current consumption is referred to below as a "present" consumption because it reflects the present current consumption
of the display including the aging effects of the pixel elements of the display. Because OLED elements of each pixel in
the display 202 have aged, the electrical current consumed by those OLED elements will decrease when being driven
by the same grayscale value, which often correlates to the gate voltage of the TFT of that pixel. The operation of the
aging monitor 210 determines the composite decrease in electrical current consumed by all pixels, i.e., the electrical
current consumed by the entire display 202, for a number of test pattern images and solves for the electrical current
consumption decrease of each pixel.

[0074] The electrical current consumption for the baseline condition is able to be represented as:
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il-baseline = Gsll *Cl-baseline + GSIZ *Cz-baseline ... GSlm *Cm-baseline

[0075] The measured present electrical current consumption is able to be represented as:

11-measured — Gsll *Cl—measured + GSIZ *C2- measured +... Gslm >ka-measurcd

[0076] where:

[0077] i{.paseiine iS the total electrical current drawn while displaying image, for the baseline condition,

[0078] ii.measureq iS the total electrical current drawn while displaying image, for the present measured condition, and
[0079] GS,44. GS45, and GS,,,, are the grayscale values of each of the "m" pixels, which are constant for both the
baseline and present measured condition.

[0080] C;_pasciine’ Co-baseline' @Nd Crpaseline are the linearized value of the display pixel grayscale value to electrical
current consumption relationship for the baseline condition in the vicinity of the value of its respective grayscale (GS) value.
[0081] C;_measured> Co-measuredr @Nd Crmeasured @re the linearized value of the display pixel grayscale value to electrical
current consumption relationship for the present measured condition in the vicinity of the value of its respective grayscale
(GS) value.

[0082] The difference between iy_paseline @Nd 11-measured iS therefore:

11-baseline — L1-measured = All =

(Gsll >kCl-baseline + GSIZ *CZ-baseline + ... GSlm *Cm—baseline) - (GSII *Cl- measured + GSlz

*CZ- measured T ++ - GSlm *Cm-measured)

= GSII (Cl-baseline — Cl-measured) + GS]Z (CZ—baseline - C2—measured) L GSlm (Cm-bascline -

Cm—measured)

Aip = GS11*(ACy) + GS1p*(ACy) + ... GSim™*(ACs)

[0083] Inthe above, the AC, values are the differences in the pixel grayscale value to electrical current consumption
relationship between the baseline and the present conditions. In one example, the aging monitor 210 attributes these
changes to aging of display pixel components and uses this difference to characterize the aging of each pixel in the
display 202. The AC, values indicate the respective reduction in current flow through pixel "x" when that pixel is driven
with a constant drive signal, represented by the associated GS value of that pixel in the test pattern image.

[0084] The above equations represent differences in the performance of the pixels of a display at different times when
the display is provided with a particular test pattern image at different times. The above equations include "m" unknowns,
namely the values of the "m" instances of AC,. These "m" unknowns reflect the "m" pixels in the display 202 that is being
characterized. In order to solve for these "m" unknowns, the aging monitor 210 in one example uses the above equations
with data for at least "m" different test pattern images, thereby allowing the aging monitor 210 to solve for these "m"
unknown AC, values. In further examples, more or fewer than "m" test pattern images are able to be used. When more
than "m" test pattern images are used, the resulting over determined system of equations is able to be solved by various
known techniques. When fewer than "m" test patterns are used, approximations or estimations of the values of the "m"
AC, values are able to be determined based upon various techniques or « priori information.

[0085] The processing to determine the aging compensation in one example characterizes performance degradation
of each pixel or region of pixels by accumulating respective values of total electrical current that are consumed by the
display 202 while displaying each test pattern image, and then combining the assembled respective values of total
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electrical current with displayed grayscale values for each pixel or region of pixels. In one example, as each test pattern
image "k" is displayed on display 202, the measured total electrical current value associated with that test pattern image
(ik-measureq) 1S Subtracted from the respective baseline electrical current associated with that displayed test pattern image
(ik-measureq) to determine an electrical current value difference (Ajy) for that test pattern image. This subtraction is rep-
resented as:

AZ‘k = ik-baseline - ik—measured

[0086] The corresponding electrical current value difference for each test pattern image is measured by the aging
monitor 210 in one example and each of these values is stored in an electrical current value difference vector [Ai]. This
vector is represented below:

[A] =i, ALy - A

[0087] Where Ai is defined above.

[0088] The aging monitor 210 characterizes the performance degradation of each pixel or region of pixels based on
the above described electrical current value difference vector [Ai] and the above described GS definition matrix [GS].
The aging characterization values in this example are able to be depicted as an aging characterization vector with "m"
respective values, where each of the "m" respective values is an entry that corresponds to a respective pixel or region
of pixels of the display 202. In the following the values of elements, or entries, of the aging characterization vector [A]
are reflected as A,, where the value of A, corresponds to the values of AC, described above. The Aging Characterization
Vector [A] is represented below as:

Aging Characterization Vector=[A]=[4, 4, - 4]

[0089] Where A, is the aging characterization of the xth pixel of the display 202. In one example, A, is equivalent to
the value AC, described above.

[0090] In one example, the aging monitor 210 solves for the display aging characterization vector [A] by solving for
the [A] matrix in the following matrix equation by using conventional techniques.

[Af] = [A][GS]

[0091] The above matrix equation expresses an equality of the [Af] vector, which is an electrical current value difference
vector, and a matrix product of the [A] vector, which is the characterization vector described above, and the [GS] matrix,
which is an intensity matrix that has an entry representing pixel intensity values of each pixel in each test pattern image.
The above matrix equation expands to:

GSII GS21 t GSnl

GS, GS, -+ GS
[All AZ2 e Ai"] — [Al AZ v Am ‘ 12 : 2 . n2

GS im GS am GS nm

[0092] Based on the above equations, it is clear that the values of A, represent a ratio between amount of electrical
current consumed by display pixel "x" in the baseline conditions and in the present conditions when that display pixel is
driven by a the same grayscale drive level GS. Stated differently, the values of Ax indicate a respective decrease in
electrical current consumed by a respective pixel of the multiple pixel display. The relationship for a particular pixel "x"
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is able to be represented as:

GSX*AX*Cx-baseline = Gsx*cx—measured

[0093] Thedifferences invalue between C, j,,sciine @Nd Cy_measured IS @Ssumed to be small enough that the dependence
upon C, as a function of electrical current is able to be modeled as a linear relationship. Stated algorithmically:

Cy=Sx *ix

[0094] Where

[0095] S, is the slope of the C, function

[0096] i, is the electrical current consumed by pixel x

[0097] Given this linearization, C,(i) = S,*i, therefore, the difference in electrical current reflected by AC, is able to be
expressed as:

ACy = Sy*Ai

[0098] As noted above, Ax = AC,. Given the above described linearization, A, is proportional to Ai. Based upon these
assumptions, the aging monitor 210 in one example assumes that adequate age compensation for a particular display
element "x" is able to be performed by increasing the electrical current provided to the display element by a factor of 2/A,.
[0099] Inone example, the display aging compensation matrix 212 is populated with values by which grayscale values
of a matrix are multiplied in order to compensate for display aging. As discussed in detail below, the display aging
compensation matrix 212 of one example has one pixel aging compensation value entry for each respective pixel of the
"m" pixels contained in display 202. These "m" values in the display aging compensation matrix are set in one example
to a value of 1/A,, where 1 < x <m, and where A, is determined as described above.

[0100] The above described algorithm operates to determine, based on a number of electrical current value differences
and pixel intensity values of pixels in each test pattern image, a number of pixel aging characterization values, where
each pixel aging characterization value indicates a respective decrease in electrical current consumed by a respective
group of at least one pixel of the multiple pixel display. Although the above description details an algorithm that processes
the pixel intensity value of each pixel in each test pattern image, it is clear that a similar algorithm is able to be applied
to a processing architecture where regions of pixels are grouped together into a number of subsets of pixels in the
multiple pixel display, and the pixel aging characterization values characterize aging the respective subsets of pixels.
In these various examples, the pixel aging characterization values are determined based in part on the pixel intensity
values of pixels in each test pattern image. In one example, the pixel intensity values of pixels correspond to the pixel
intensity values of all pixels in each test pattern image. In further examples that characterize regions of pixels where
each region consists of a respective subset plurality of pixels within the multiple pixel display, the pixel intensity values
of pixels consist of a representative pixel intensity value for each subset of pixels that comprise each region. Such
representative pixel intensity values are able to be, for example, an average pixel intensity value for the subset of pixels,
or any other representative value upon which the electrical current consumption by the subset of pixels in the region
depends.

[0101] Itis noted that ellipses, i.e., a three dot symbol "..." as is commonly understood by practitioners in the relevant
arts, are used in the above description and equations indicate terms that are generally in the middle of a sequence. For
example, the vector [A] is represented above as [A1 A2 --- A, ]. In this example, the ellipses indicate the elements A,
through A,,,_4 in the sequence of elements of the vector [A].

[0102] FIG. 3 illustrates a display aging compensation processing flow 300, according to one example. The display
aging compensation processing flow 300 is an example of a processing flow performed at least in part by the above
described aging monitor 210 and that implements the above described processing to determine a display aging com-
pensation matrix to be used to compensate image data for display pixel aging.

[0103] The display aging compensation processing flow 300 displays a number of test pattern images and measures
the current consumed by the display when displaying each of the test pattern images. The display aging compensation
processing flow 300 begins by setting, at 302, a value of "N," which is used as an index for the test pattern images to
be displayed, to one (1). The display aging compensation processing flow 300 continues by displaying, at 304, test
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pattern image "N" on a display. The total current consumed by the display while displaying test pattern image "N" is
measured, at 306. In one example, the total current consumed is measured by electrical current meter 206 as described
above.

[0104] The display aging compensation processing flow 300 continues by determining, at 308, the baseline electrical
current for image "N." As discussed above, the baseline electrical current for a particular test pattern image, such as
image "N," is able to be determined by measurements of electrical current consumption by a display when an example
display or this particular display is new, by calculations based on a display’s design and other characterization data, by
other techniques, or by combinations of these techniques. The baseline electrical current is able to be stored in, for
example, non-volatile memory in association with each test pattern image. In examples where the baseline electrical
current is stored, a processor is able to determine the baseline electrical current for a particular image by retrieving that
data from the non-volatile memory.

[0105] The display aging compensation processing flow 300 continues by calculating, at 310, a value for Ain, which
in one example is the difference between the baseline electrical current and the measured electrical current for the image
N being displayed. In one example, the Ai, is stored in a vector for later processing.

[0106] The display aging compensation processing flow 300 continues by determining, at 312, if the displayed test
pattern image, i.e., image "N," is the last test pattern image to be displayed. If the displayed image is not the last to be
displayed, the value of "N" is incremented, at 314, and the display aging compensation processing flow 300 returns to
displaying image "N," at 304.

[0107] If it is determined that the displayed image is the last test pattern image to be displayed, the display aging
compensation processing flow 300 continues by characterizing, at 316, pixel aging. Characterizing pixel aging in one
example is performed by solving for the display aging characterization vector[A] based upon the changes in total electrical
current that is consumed by the display while displaying the sequence of test pattern images, as is described above.
The display aging compensation processing flow 300 proceeds by determining, at 318, an aging compensation matrix
based upon the characterized pixel aging. In one example, the aging monitor 210 creates a display aging compensation
matrix 212 by storing the inverse of the values of the [A] matrix discussed above.

[0108] The display aging compensation processing flow 300 continues by applying, at 320, the display aging com-
pensation matrix to grayscale values of each image to be presented on the display. With reference to FIG. 2 described
above, the applying of the display aging compensation matrix includes the display generator 208 multiplying the grayscale
values of images to be displayed by the values of the display aging compensation matrix 212.

[0109] Thedisplay aging compensation processing flow 300 then determines, at 322, if recalibration is to be performed.
In one example, a device with a display is configured to perform recalibration on a schedule, which is able to be defined
by number of hours that the display is operating. In further examples, an elapsed time since the last calibration, without
regard as to whether the display is operating or not operating during that time period, is used to determine when to
perform recalibration. In various examples, a determination to perform recalibration is able to be based upon any criteria.
In the case of a determination that recalibration is not to be performed, the display aging compensation processing flow
300 returns to applying, at 320, the display aging compensation matrix. In the case of a determination that recalibration
is to be performed the display aging compensation processing flow 300 returns to setting, at 302, the value of "N" to 1
and the display aging compensation processing flow 300 is continued as described above.

[0110] FIG. 4illustrates a baseline electrical current determination process 400, according to one example. The display
aging compensation system of some examples use test pattern images that are defined and stored in a storage device,
such as in the test pattern image storage 214, discussed above. In other example, so called "live" images, e.g., images
that are received from an image source interface 220 and that are images to be displayed to a user on the display, are
used as test pattern images. In some examples, combinations of these types of test pattern images are used.

[0111] The baseline electrical current values associated with defined test pattern images that are stored in a test
pattern image storage are able to be stored in a suitable location and accessed by a processor, such as the aging monitor
210. In various examples, the baseline electrical current values are stored in the same storage with the test pattern
images, or the baseline electrical current values are stored in a separate storage. In one example, the baseline electrical
current values are able to also be calculated when those values are needed, instead of stored and retrieved as required.
[0112] The baseline electrical current determination process 400 begins by determining, at 402, if the particular test
pattern image for which a baseline electrical current value is required is stored. In this example, if the test pattern image
is determined to be a stored image, the baseline electrical current determination process 400 continues by retrieving,
at 404, the stored baseline electrical current value for that particularimage. The baseline electrical current determination
process 400 then end.

[0113] Ifitis determined, at 402, that the particular test pattern image for which a baseline electrical current value is
required is not stored, the baseline electrical current determination process 400 continues by calculating the baseline
electrical current value for the particular test pattern image. In one example, a test pattern image that is not stored is
able to be a "live" image that is received from an image source and is to be presented to the user. In the case of receiving
an image that is not stored, no information about the image is able to be assumed. As described below, the baseline
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electrical current consumption of the display displaying an arbitrary test pattern image that is not stored is calculated
based upon an algorithm that incorporates empirical electrical current consumption data for un-aged or aged pixels of
the display being calibrated. The empirical electrical current consumption data is able to be expressed in, for example,
alook up table, a mathematical algorithm, or other techniques. The values of the empirical electrical current consumption
data are able to be determined by any suitable technique, such as measurements of a representative display or pixel
device, measurements of the actual display or pixel device being calibrated, theoretical electrical current consumption
for a particular grayscale value based upon an analysis of pixel circuits, any other suitable technique, or one or more
combinations of these. The empirical electrical current consumption data is able to reflect the electrical current con-
sumption of un-aged pixels in a display or the electrical current consumption of aged pixels.

[0114] If it is determined, at 402, that the particular test pattern image for which a baseline electrical current value is
required is not stored, the baseline electrical current determination process 400 continues by setting, at 410, a value of
"M" to zero. In this example, "M" indicates the particular pixel of the test pattern image being evaluated. The baseline
electrical current determination process 400 continues by setting, at 412, a value of the baseline current to zero. The
baseline electrical current determination process 400 continues by determining, at 414, an empirical electrical current
value for the grayscale value of the Mt pixel of the test pattern image. The baseline electrical current determination
process 400 then accumulates, at 416, this determined empirical electrical current for the Mth pixel into the stored baseline
current value by adding this determined empirical electrical current to the stored baseline current.

[0115] The baseline electrical current determination process 400 then determines, at 418, if the Mth pixel is the last
pixel of the image being evaluated. If the Mth pixel is not the last pixel, the baseline electrical current determination
process 400 continues by incrementing, at 420, the value of M by one (1) and returning to determining, at 414, the
empirical electrical current for the grayscale value of the Mth pixel. If the Mth pixel is last pixel of the test pattern image,
the baseline electrical current determination process 400 terminates.

[0116] FIG. 5 illustrates pixel electrical current vs. grayscale value relationships 500, according to one example. The
pixel electrical current vs. grayscale value relationships 500 depicts a horizontal grayscale value axis 502 and a vertical
pixel electrical current axis 504. Two relationship curves are also depicted, a Cg,, curve 520 and a C,geq curve 522.
[0117] The C,,, curve 520 depicts the electrical current consumed by a pixel as a function of the grayscale value that
is driving the pixel when the display is new and the pixel elements have not degraded by age. The C,yeq curve 522
depicts a similar relationship but for a pixel element with degraded performance due to age.

[0118] The grayscale value axis 502 of the pixel electrical current vs. grayscale value relationships 500 depicts two
grayscale values, a GS; 510 and a GS;’ 512. For the GS; 510 grayscale value, the electrical current consumed by a
new, un-aged, pixel is determined by the intersection of the GS, 510 value with the C,, curve 520. The electrical current
consumed by the new, un-aged, pixel shown as |,_qesireq 514. This is the amount of current consumption that is desired
to be caused by the GS, 510 grayscale value and results in the desired amount of light emission for that grayscale value.
[0119] As the display ages and the performance of the pixels degrade, the electrical current consumed by an aged
pixel when itis being driven by a grayscale level equal to GS, 510 is determined by the intersection of the GS; 510 value
with the Caged curve 522. The electrical current consumed by the aged pixel when driven by the GS, 510 grayscale level
is shown as |, 5564 516, Which is less than the value of |,_yesireq 514. The lower electrical current consumed by the aged
pixel when being driven by the GS, 510 grayscale level value results in less light being emitted by the OLED element
of that pixel that is desired, causing the displayed image to not appear as desired.

[0120] In order to cause the aged display to emit the desired light level for the GS4 510 grayscale level, the pixel of
the aged display is driven with a grayscale level of GS;’ 512, which is greater than the GS; 510 value. The amount of
this increase is determined based upon the display aging compensation matrix 212. When the aged display element is
driven with a grayscale value of GS4’ 512, the electrical current consumed by the aged pixel is indicated by the intersection
of the GS'512 level with the C,yeq curve 522, which is I, gegireq 914-

[0121] FIG. 6 illustrates an OLED panel pixel interconnection diagram 600, in accordance with one example. The
OLED panel pixel interconnection diagram 600 depicts a display 602 that has a EL_VDD line 604 and an EL_VSS line
606. The EL_VDD line 604 and EL_VSS line 606 are each a power rail conductor that is in contact with circuitry present
at each pixel in the display 602. A first column of pixels 610 and a second column of pixels 612 are also depicted in the
OLED panel pixel interconnection diagram 600 and represent the usually large number of pixels present in a display 602.
[0122] As is familiar to practitioners of ordinary skill in the relevant arts, each pixel is also in contact with conductors
that convey image data and pixel programming selection in addition to the EL_VDD line 604 and the EL_VSS line 606.
In general, the numerous pixels of display 602 are arranged in a matrix format. The above described processing char-
acterizes the aging of each pixel in the display 602 and determines correction factors to be applied to the grayscale
image data for each pixel in order to compensate for degraded performance of the pixels due to aging.

[0123] The electrical current consumed by the display 602 is generally measured as the electrical current that flows
through the EL_VDD line 604 to the EL_VSS line 606. In other display designs, it is possible to measure electrical
currents flowing into other display conductors to characterize display pixel degradation.

[0124] FIG. 7 illustrates a display region definition 700, according to one example. The large number of pixels within
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a typical display is able to complicate the above described calculations to determine the aging vector [A]. The above
described technique generally uses one test pattern image per pixel of the display being characterized. In such a scenario,
characterizing the performance degradation of a large display with a large number of pixels involves displaying a cor-
respondingly large number of test pattern images and the processing of correspondingly large matrices in the above
described calculations.

[0125] In order to simplify the calculations and speed the data collection phase that include displaying a number of
test pattern images, the processing of one example divides the display into a number of regions, where each region
includes a contiguous group of display pixels. All pixels in a particular region in this example are treated as a single
display element. For example, test pattern images in one example drive each pixel in a particular region with the same
image data. In some cases, the pixel elements in a large display degrade differently at largely different positions on the
display. For example, pixels on a right side of a display may age differently than pixels on the left side of the display.
However, pixels that are close to one another are exposed to similar thermal profiles and often emit light at similar
intensities, and therefore may age at a more similar rate than pixels that are farther apart. These operating characteristics
are able to result in acceptable performance for a display aging compensation technique that divides a large display into
regions and characterizes all pixels in a particular region as one unit.

[0126] The display region definition 700 depicts a display 702 that is divided into a three by three (3 X 3) array of
regions. The display region definition 700 depicts a first column 710, a second column 712 and a third column 714.
Similarly, a first row 72, a second row 722 and a third row 724 are also depicted. In various examples, all regions are
able to be defined to have the same arrangement of pixels, or the different regions are able to have different sizes,
different number of pixels, different aspect ratios, or any combination of these differences.

[0127] Afirstregion 730 is shown in an upper left corner of display 702. A second region 732 is shown in a lower right
corner of display 702. As discussed above, these two regions are located across the area of display 702 from one
another, and therefore are likely to be exposed to different temperature profiles due to electronics or other components
in a housing containing the display 702. The pixels within the first region 730, however, are likely to have similar tem-
perature profiles and intensities over time, and are therefore likely to age similarly. The pixels in the second region 732
are also likely to age similarly, but at a different rate than those in the first region 730.

[0128] FIG. 8 is a block diagram of an electronic device and associated components 800 in which the systems and
methods disclosed herein may be implemented. In this example, an electronic device 852 is a wireless two-way com-
munication device with voice and data communication capabilities. Such electronic devices communicate with a wireless
voice or data network 850 using a suitable wireless communications protocol. Wireless voice communications are
performed using either an analog or digital wireless communication channel. Data communications allow the electronic
device 852 to communicate with other computer systems via the Internet. Examples of electronic devices that are able
to incorporate the above described systems and methods include, for example, a data messaging device, a two-way
pager, a cellular telephone with data messaging capabilities, a wireless Internet appliance or a data communication
device that may or may not include telephony capabilities. A particular example of such an electronic device is the
handheld communications device 100, discussed above.

[0129] The illustrated electronic device 852 is an example electronic device that includes two-way wireless commu-
nications functions. Such electronic devices incorporate communication subsystem elements such as a wireless trans-
mitter 810, a wireless receiver 812, and associated components such as one or more antenna elements 814 and 816.
A digital signal processor (DSP) 808 performs processing to extract data from received wireless signals and to generate
signals to be transmitted. The particular design of the communication subsystem is dependent upon the communication
network and associated wireless communications protocols with which the device is intended to operate.

[0130] The electronic device 852 includes a microprocessor 802 that controls the overall operation of the electronic
device 852. The microprocessor 802 interacts with the above described communications subsystem elements and also
interacts with other device subsystems such as flash memory 806, random access memory (RAM) 804. The flash memory
806 and RAM 804 in one example contain program memory and data memory, respectively. The microprocessor 802
also interacts with an auxiliary input/output (1/0O) device 838, a USB Port 828, a display 834, a keyboard 836, a speaker
832, a microphone 830, a short-range communications subsystem 820, a power subsystem 822, and any other device
subsystems.

[0131] The display 834 in various examples is an OLED based display such as is described above with regards to the
display 202. In various examples, the microprocessor 802 performs the above described processing to determine aging
compensation values for each pixel, or regions of pixels, within the display 834. These compensation values are applied
in one example by processing within microprocessor 802 or a graphics processor (not shown) that is part of the electronic
device 852, incorporated into display 834, or located elsewhere.

[0132] A battery 824 is connected to a power subsystem 822 to provide power to the circuits of the electronic device
852. The power subsystem 822 includes power distribution circuitry for providing power to the electronic device 852 and
also contains battery charging circuitry to manage recharging the battery 824. The power subsystem 822 includes a
battery monitoring circuit that is operable to provide a status of one or more battery status indicators, such as remaining
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capacity, temperature, voltage, electrical current consumption, and the like, to various components of the electronic
device 852.

[0133] The USB port 828 further provides data communication between the electronic device 852 and one or more
external devices. Data communication through USB port 828 enables a user to set preferences through the external
device or through a software application and extends the capabilities of the device by enabling information or software
exchange through direct connections between the electronic device 852 and external data sources rather then via a
wireless data communication network.

[0134] Operating system software used by the microprocessor 802 is stored in flash memory 806. Further examples
are able to use a battery backed-up RAM or other non-volatile storage data elements to store operating systems, other
executable programs, or both. The operating system software, device application software, or parts thereof, are able to
be temporarily loaded into volatile data storage such as RAM 804. Data received via wireless communication signals
or through wired communications are also able to be stored to RAM 804.

[0135] The microprocessor 802, in addition to its operating system functions, is able to execute software applications
on the electronic device 852. A predetermined set of applications that control basic device operations, including at least
data and voice communication applications, is able to be installed on the electronic device 852 during manufacture.
Examples of applications that are able to be loaded onto the device may be a personal information manager (PIM)
application having the ability to organize and manage data items relating to the device user, such as, but not limited to,
e-mail, calendar events, voice mails, appointments, and task items. Further applications include applications that have
input cells that receive data from a user.

[0136] Further applications may also be loaded onto the electronic device 852 through, for example, the wireless
network 850, an auxiliary I/O device 838, USB port 828, short-range communications subsystem 820, or any combination
of these interfaces. Such applications are then able to be installed by a user in the RAM 804 or a non-volatile store for
execution by the microprocessor 802.

[0137] In adata communication mode, a received signal such as a text message or web page download is processed
by the communication subsystem, including wireless receiver 812 and wireless transmitter 810, and communicated data
is provided the microprocessor 802, which is able to further process the received data for output to the display 834, or
alternatively, to an auxiliary I/O device 838 or the USB port 828. A user of the electronic device 852 may also compose
dataitems, such as e-mail messages, using the keyboard 836, which s able to include a complete alphanumeric keyboard
or a telephone-type keypad, in conjunction with the display 834 and possibly an auxiliary /0 device 838. Such composed
items are then able to be transmitted over a communication network through the communication subsystem.

[0138] For voice communications, overall operation of the electronic device 852 is substantially similar, except that
received signals are generally provided to a speaker 832 and signals for transmission are generally produced by a
microphone 830. Alternative voice or audio I/O subsystems, such as a voice message recording subsystem, may also
be implemented on the electronic device 852. Although voice or audio signal output is generally accomplished primarily
through the speaker 832, the display 834 may also be used to provide an indication of the identity of a calling party, the
duration of a voice call, or other voice call related information, for example.

[0139] Depending on conditions or statuses of the electronic device 852, one or more particular functions associated
with a subsystem circuit may be disabled, or an entire subsystem circuit may be disabled. For example, if the battery
temperature is low, then voice functions may be disabled, but data communications, such as e-mail, may still be enabled
over the communication subsystem.

[0140] A short-range communications subsystem 820 is a further optional component which may provide for commu-
nication between the electronic device 852 and different systems or devices, which need not necessarily be similar
devices. For example, the short-range communications subsystem 820 may include an infrared device and associated
circuits and components or a Radio Frequency based communication module such as one supporting Bluetooth® com-
munications, to provide for communication with similarly-enabled systems and devices.

[0141] Amediareader860is able to be connected to an auxiliary I/O device 838 to allow, for example, loading computer
readable program code of a computer program product into the electronic device 852 for storage into flash memory 806.
One example of a media reader 860 is an optical drive such as a CD/DVD drive, which may be used to store data to
and read data from a computer readable medium or storage product such as computer readable storage media 862.
Examples of suitable computer readable storage media include optical storage media such as a CD or DVD, magnetic
media, or any other suitable data storage device. Media reader 860 is alternatively able to be connected to the electronic
device through the USB port 828 or computer readable program code is alternatively able to be provided to the electronic
device 852 through the wireless network 850.

[0142] Information Processing System

[0143] The present subject matter can be realized in hardware, software, or a combination of hardware and software.
A system can be realized in a centralized fashion in one computer system, or in a distributed fashion where different
elements are spread across several interconnected computer systems. Any kind of computer system - or other apparatus
adapted for carrying out the methods described herein - is suitable. A typical combination of hardware and software
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could be a general purpose computer system with a computer program that, when being loaded and executed, controls
the computer system such that it carries out the methods described herein.

[0144] The present subject matter can also be embedded in a computer program product, which comprises all the
features enabling the implementation of the methods described herein, and which - when loaded in a computer system
- is able to carry out these methods. Computer program in the present context means any expression, in any language,
code or notation, of a set of instructions intended to cause a system having an information processing capability to
perform a particular function either directly or after either or both of the following a) conversion to another language,
code or, notation; and b) reproduction in a different material form.

[0145] Each computer system may include, inter alia, one or more computers and at least a computer readable medium
allowing a computer to read data, instructions, messages or message packets, and other computer readable information
from the computer readable medium. The computer readable medium may include computer readable storage medium
embodying non-volatile memory, such as read-only memory (ROM), flash memory, disk drive memory, CD-ROM, and
other permanent storage. Additionally, a computer medium may include volatile storage such as RAM, buffers, cache
memory, and network circuits. Furthermore, the computer readable medium may comprise computer readable information
in a transitory state medium such as a network link and/or a network interface, including a wired network or a wireless
network, that allow a computer to read such computer readable information.

[0146] Oneormore ofthe above described examples provide electronic displays with many benefits and improvements.
For example, the above described examples include pixel aging characterization processing that allows pixel aging to
be efficiently determined without adding complexity to individual pixel circuit components, and provides an automated
and rapid characterization process that requires no user interaction. Some examples perform the characterization using
image data that is normally presented on the display, thereby allowing continual or periodic characterization of pixel
aging during normal display operation and thereby not using test images in which a user has no interest. Characterizing
display aging using images normally presented to a user conserves energy, including battery power, by not using energy
to display dedicated test patterns in which the user has no interest. The above described examples efficiently extend
the lifespan of a display for producing high quality images by efficiently determining corrections to apply to data to be
displayed in order to compensate for display imaging, where the corrections are determined without adding to circuit
complexity.

[0147] Although specific embodiments of the subject matter have been disclosed, those having ordinary skill in the
art will understand that changes can be made to the specific embodiments without departing from the spirit and scope
of the disclosed subject matter. The scope of the disclosure is not to be restricted, therefore, to the specific embodiments,
and it is intended that the appended claims cover any and all such applications, modifications, and embodiments within
the scope of the present disclosure.

Claims
1. A method for driving a multiple pixel display, the method comprising:

displaying a plurality of test pattern images on a multiple pixel display (304);

determining, while displaying each test pattern image of the plurality of test pattern images, a respective value
of measured total electrical current consumed by the multiple pixel display (306);

determining, for each respective value of total electrical current, a plurality of electrical current value differences
(310), each electrical current value difference within the plurality of electrical current value differences comprising
a difference between a respective baseline electrical current and the respective value of total electrical current,
wherein the respective baseline electrical current is associated with a test pattern image displayed while deter-
mining the respective value of total electrical current;

determining, based on the plurality of electrical current value differences and pixel intensity values of pixels in
each test patternimage, a plurality of pixel aging characterization values (316), each pixel aging characterization
value within the a plurality of pixel aging characterization values indicating a respective decrease in electrical
current consumed by a respective group of at least one pixel of the multiple pixel display; and

determining, based upon the plurality of pixel aging characterization values, a display aging compensation
matrix (318) representing values by which pixel intensity values are to be compensated.

2. The method of claim 1, further comprising:
retrieving, from a data storage prior to the displaying, the plurality of test pattern images; and

retrieving, prior to determining a respective electrical current value difference within the plurality of electrical
current value differences, the respective baseline electrical current (404) from a test pattern total current meas-
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urements storage.

The method of claim 2, further comprising calculating, prior to determining a respective electrical current value
difference within the plurality of electrical current value differences, the respective baseline electrical current based
upon combining empirical pixel electrical current consumption characterization data with intensity data of a respective
test pattern image associated with the respective electrical current value difference.

The method of any of claims 1, 2, or 3, further comprising:

receiving, through an image source interface, a plurality of operational images to be displayed on the multiple
pixel display, and wherein the plurality of test pattern images comprises the plurality of operational images; and
calculating, prior to determining a respective electrical current value difference within the plurality of electrical
current value differences, the respective baseline electrical current based upon combining empirical pixel elec-
trical current consumption characterization data with intensity data of the respective operational image (416).

The method of any of claims 1, 2, 3, or 4, wherein the determining the plurality of pixel aging characterization values
comprises:

solving for a characterization vector based upon a matrix equation,

the matrix equation expressing an equality of an electrical current value difference vector and a matrix product
of the characterization vector and an intensity matrix representing pixel intensity values of pixels of each test
pattern image within the plurality of test pattern images (318),

the electrical current value difference vector comprising the plurality of electrical current value differences,
the characterization vector comprising a plurality of entries each representing a respective reduction in electrical
current consumption of at least one respective pixel in the multiple pixel display.

The method of any of claims 1, 2, 3, 4, or 5,
wherein each pixel aging characterization value within the plurality of pixel aging characterization values character-
izes aging of a respective subset plurality of pixels within the multiple pixel display.

A multiple pixel display driving system, comprising:

a display generator (208) configured to display a plurality of test pattern images (304) on a multiple pixel display
(202); and
an aging monitor (210) configured to:

determine, while the display generator is displaying each test pattern image of the plurality of test pattern
images, a respective value of total electrical current consumed by the multiple pixel display (306);
determine, for each respective value of total electrical current, a plurality of electrical current value differences
(310), each electrical current value difference within the plurality of electrical current value differences
comprising a difference between a respective baseline electrical current and the respective value of total
electrical current, wherein the respective baseline electrical current is associated with a test pattern image
displayed while determining the respective value of total electrical current;

determine, based on the plurality of electrical current value differences and pixel intensity values of each
test pattern image, a plurality of pixel aging characterization values (316), each pixel aging characterization
value within the a plurality of pixel aging characterization values indicating a respective decrease in electrical
current consumed by a respective group of at least one pixel of the multiple pixel display; and

determine, based upon the plurality of pixel aging characterization values, a display aging compensation
matrix (318) representing values by which pixel intensity values are to be compensated.

The multiple pixel display driving system of claim 7, further comprising a data storage configured to store the plurality
of test pattern images (214), and

wherein the aging monitor is further configured to retrieve, from the data storage prior to the displaying, the plurality
of test pattern images.

The multiple pixel display driving system of claim 8, further comprising a test pattern total current measurements

storage (216) configured to store a respective baseline electrical current for at least a subset plurality of test pattern
images stored in the test pattern images, and
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wherein the aging monitor is further configured to retrieve, prior to determining a respective electrical current value
difference within the plurality of electrical current value differences, the respective baseline electrical current (404)
from the test pattern total current measurements storage.

The multiple pixel display driving system of any of claims 8 or 9, the aging monitor further configured to calculate,
prior to determining a respective electrical current value difference within the plurality of electrical current value
differences, the respective baseline electrical current based upon combining empirical pixel electrical current con-
sumption characterization data with intensity data of a respective test pattern image associated with the respective
electrical current value difference.

The multiple pixel display driving system of any of claims 7, 8, 9, or 10, further comprising:

an image source interface (220) configured to receive a plurality of operational images to be displayed on the
multiple pixel display, and wherein the plurality of test pattern images comprises the plurality of operational
images, and

wherein the aging monitor is further configured to calculate, prior to determining a respective electrical current
value difference within the plurality of electrical current value differences, the respective baseline electrical
current based upon combining empirical pixel electrical current consumption characterization data with intensity
data of the respective operational image (416).

The multiple pixel display driving system of any of claims 7, 8, 9, 10, or 11, wherein the aging monitor is configured
to determine the plurality of pixel aging characterization values by solving for a characterization vector based upon
a matrix equation,

the matrix equation expressing an equality of an electrical current value difference vector and a matrix product of
the characterization vector and an intensity matrix representing pixel intensity values of pixels of each test pattern
image within the plurality of test pattern images (318),

the electrical current value difference vector comprising the plurality of electrical current value differences,

the characterization vector comprising a plurality of entries each representing a respective reduction in electrical
current consumption of at least one respective pixel in the multiple pixel display.

The multiple pixel display driving system of any of claims 7, 8, 9, 10, 11, or 12, wherein each pixel aging character-
ization value within the plurality of pixel aging characterization values characterizes aging of a respective subset

plurality of pixels within the multiple pixel display (702).

The multiple pixel display driving system of claim 13, wherein each respective subset plurality of pixels comprises
contiguous pixels within the multiple pixel display (702).

A computer program for instructing a computer to perform the method of any one of claims 1, 2, 3, 4, 5, or 6.
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