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I propose developing a power model for an Liquid Crystal Display (LCD) and a bi-stable Electrophoretic Display (EPD) in order to compare the power consumption of the two types of mobile computing device displays (QVGA resolution and where the EPD is a hypothetical full motion full color display) given a series of images to be displayed such as a series of video frames or a series of typical images for applications run on mobile devices.  I would like to compare the effectiveness of Variable Frame Refresh, Variable Dot Clock rates, and possibly a hypothetical multiplexing display driver which takes advantage of the bi-stable nature of the EPD to conserve power.
I. Introduction

A great deal of research has been conducted with regard to Liquid Crystal Displays (LCDs) and power consumption in handheld mobile computing devices.  Thin Film Transistor (TFT) Active Matrix LCD screens are ubiquitous among commercially available devices.  These displays often account for as much as 30-50% of the power consumption in these devices, most of which can be attributed to the display's backlight [1].  The majority of these displays are transmissive with a backlight illuminating color filters controlled by the LCD cells.
  Such displays have poor readability in common lighting situations such as daylight and even in an office environment without a backlight bright enough to overcome the effect of reflected ambient light on contrast.  The transmissive LCD backlight passes through the individual pixels or primary colored subpixels which work like a gated filter to create an image.  If the backlight is weak compared to ambient light in the user's environment, then the contrast and readability of the display suffers.  
In contrast to transmissive displays, reflective displays only suffer in low light conditions.  These displays reflect ambient light to produce an image and are ideally compared to images on paper to describe the impact of ambient light on viewing.  The Flexible Display Center at Arizona State University is manufacturing a reflective display using electrophoretic technology to produce bi-chrome images.  Electrophoretic Displays (EPDs) use the action of an electric field on charged particles which are dispersed in an inert dyed fluid sealed in pixel sized capsules.  When the charged particles are forced to the front of the display inside the capsule though electrophoresis, the pixel associated with that capsule appears as the color of the particles.  When the particles are pulled back into the capsule toward the back of the display, the pixel appears as the color of the dyed fluid.  This process can produce color and contrast which is comparable to printed paper, but it also has several limitations.  The switching frequency of the cells is limited by the viscosity of the fluid and the physical motion of the charged particles.  As a result, the fastest EPDs today have switching times on the order of tens to hundreds of milliseconds when driven at reasonable voltages for portable devices, often around 5V, with most devices currently operating at the high end. [2]  LCDs on the other hand are commonly able to switch on the order of 10 milliseconds which unlike the longer switching times available with most EPDs, are satisfactory for quality video presentation.
A very important distinction between LCD and EPD technology is the concept of bi-stable pixels.  In a bi-stable display, individual pixels are stable in both the "on" and "off" orientations.  This means that in the case of a bi-stable display, an image which has been established on the display will remain there, even if the display is turned off.  This is an extremely useful property of EPDs, which is particularly interesting when power conservation is important.  LCDs must be refreshed continually in order to maintain an image on the display, even if the image is constant, while an EPD may retain an image for 100 hours after the device has been turned off. [4]  It is this distinction which drives most of the following analysis in this paper.
II. Power management for existing (LCD) displays and applicability to EPDs

Most research into methods for reducing power consumption in mobile device displays focuses on the backlight required by transmissive LCDs.  One of the most important concepts to reduce backlight power consumption is the concept of Concurrent Brightness and Contrast Scaling (CBCS) laid out in [1].  The concept is that given an acceptable level of image degradation, the brightness of the backlight can by dynamically managed so that it is always minimized while compensating adjustments are made to image contrast in order to minimize the loss of luminance range which occurs when the backlight is dimmed.  The problem is to optimize the relationship between brightness and image contrast in order to reduce brightness as much as possible with as little loss to image quality as possible.

The applicability of CBCS to EPD technology is limited because in most cases, the backlight is not relevant to the reflective EPD display.  However, the lighting power requirement can be studied with respect to EPDs, except with the opposite impact in terms of the device's operating environment.  The EPD has the greatest lighting requirement in low or no-light environments, whereas the LCD has the greatest lighting requirement in high light environments.  This difference could be evaluated in terms of the light required to illuminate the screen under low-light conditions and the relative likelihood the device will be used under these conditions.  In both cases, it seems that the EPD will come out ahead in terms of power consumption, because the power required (the amount of light necessary) to make a display visible in low light is significantly less than the power required to make an LCD visible in sunlight, and depending on the user, it might be argued that normal (office condition) lighting or outdoor lighting will be more common environments for portable computing devices.

Another area of research aimed at reducing display power consumption attempts to characterize user interfaces in terms of the amount power used by the display depending on user interaction with the display, areas of the display which are updated at any given time, and the appearance of display areas which are out of context at any given time.  This approach is applicable generally when LCDs and EPDs are considered, as in both cases, updating the image on the display or portions of it have an energy penalty associated with them.  While evaluation of graphical user interfaces is applicable to both display technologies presented here, it is essential a device independent optimization which is not further addressed here.

One area of interest in the pursuit of power conservation is the process of driving the display.  Several methods have been researched which improve the display drivers in order to reduce power consumption as the device is updated.  Variable Dot Clock is a technique in which the actual frequency at which the display is driven is reduced until the display quality reaches some minimum quality based on flicker. [5]  This refresh frequency can be dynamically adjusted depending on the application being used.  Video would require a higher refresh rate, while the display can be slowed down during text editing, conserving energy.  Another method discussed in [5] is Variable Frame Refresh, in which the LCD controller is actually shut down for a period of time when the required fame refresh rate is very low.  This method allows for additional power saving, although it might result in undesirable display performance if it is not closely managed.  These methods are interesting in terms of applicability to LCD and EPD displays because the EPD is not restricted by a minimum refresh rate the way the LCD is.  In fact, the EPD need only be updated when the image on the screen must be updated, and then it might be possible to update only a portion of the image on the screen corresponding to the pixels which have changed.  As a result, the EPD might have a Variable Dot Clock rate which is dependant only on user or device events, which as in the case of text editing, where the image on the display might remain constant for long periods, or where only small portions of the screen are updated at any given instant, all or part of the display driver might be shut down for long periods without appreciable performance degradation, resulting in potentially significant power savings.
III. Power modeling of LCD and EPD displays


In [6], a method is presented for calculating power consumption in multiplexed LCD displays.  The line addressing used in this method corresponds to a Thin Film Transister (TFT) LCD, commonly used today.  The equations presented for calculating power consumption at each row of the display based on the number of columns, rows, refresh rate, and the state of the pixels addressed might be applied to a computerized power model for LCD power consumption and for EPD power consumption.  The characteristic capacitances of these technologies will have to be calculated or estimated in both cases.  The following equations are presented in [6]:
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In [1], power modeling of a single TFT pixel is given by:
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The coefficients are device dependant, and were calculated by taking power measurements onan LG Philips, LCD, and using curve fitting.  For EPD power modelling, in [4], individual EPD cells are modeled as resistors and capacitors in parallel, and a graph showing a linear relationship between applied voltage and DC current is given.
IV. Initial Plan

9 Mar: Develop model fundamentals for LCD and EPD power consumption

30 Mar: Implement model (DEVSJAVA)
13 Apr: Compare power performance of LCD and EPD given sequence of images and power optimization schemes
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� A smaller number of devices use transflective displays which are designed to take advantage of the backlight in low light environments and reflected light in bright environments, but these displays suffer from reduced image quality and lower backlight efficiency because of reduced light transmissivity. 
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