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Abstract—Electrophoretic displays (EPDs), also known as e-1

paper, offer a paper-like visual experience by reflecting ambient2

light, making them distinct from traditional LCD or LED3

displays. They are favored for their eye comfort, energy effi-4

ciency, and material flexibility, which make them appealing5

for a wide range of embedded devices, including eReaders,6

smartphones, tablets, and wearables. However, EPDs face a7

significant challenge: the necessity for a fast refresh rate (to8

maintain an acceptable display performance) introduces a pro-9

nounced ghosting effect. This effect results in noticeable color10

discrepancies between the displayed and source images, harming11

the user experience and hindering EPDs’ broader application in12

devices requiring dynamic content display. This article proposes13

a software-based solution to address the ghosting issue in EPDs.14

Our approach involves developing analytical models to predict15

the occurrence of ghosting effects and adjusting the source images16

to counteract the anticipated color deviations, which can reduce17

the perceivable ghosts on the display. Experimental evaluation18

conducted on real-world EPDs validates the effectiveness of our19

proposed approach in reducing the ghosting effect.20

Index Terms—E ink, electrophoretic display, embedded soft-21

ware, ghosting effect reduction.22

I. INTRODUCTION23

ELECTROPHORETIC displays (EPDs), also known as24

electronic paper or e-paper, emerge as a distinctive class25

of display technology that mimics the appearance of ink on26
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paper by reflecting ambient light, providing a comfortable 27

reading experience akin to traditional paper [1]. EPDs offer 28

distinct advantages over alternative display technologies, mak- 29

ing them particularly appealing for embedded devices. 30

One standout benefit of EPDs is their commitment to ocular 31

health. In contrast to emissive displays, such as LCDs, LEDs, 32

and OLEDs, which generate blue light contributing to eye 33

strain and potential long-term retinal damage [2], [3], [4], 34

EPDs reflect natural light, thereby reducing blue light exposure 35

and its associated risks. This characteristic positions EPDs as a 36

safer alternative for prolonged screen usage. Moreover, EPDs 37

are recognized for their energy conservation, drawing power 38

only during the refresh phase and capable of maintaining an 39

image without a continuous power supply. The construction 40

of EPDs, involving an ink layer laminated to a plastic 41

film substrate, also lends to their flexibility, durability, and 42

lightweight design. Over the past decade, the inherent paper- 43

like quality of EPDs has led to their widespread adoption in 44

eReaders [5]. More recently, their application has extended to 45

a variety of embedded devices, including wearables [6], [7], 46

[8], [9], smartphones [10], [11], [12], tablets [13], [14], [15], 47

[16], [17], laptops [18], [19], [20], and even desktop monitors 48

[21], [22], [23], reflecting their growing versatility and appeal 49

in the tech market. 50

Despite these advantages, the adoption of EPDs beyond 51

eReaders has been hindered by challenges associated with 52

dynamic content display, primarily due to prolonged refresh 53

times and noticeable screen flickering. These challenges root 54

in the composition of EPDs, where reflective particles manip- 55

ulated by time-varying electric fields (known as waveforms) 56

exhibit specific grayscale colors [24], [25]. To ensure color 57

precision, the waveforms contain an activation phase for 58

precise particle control, flipping the whole screen between 59

black and white, which incurs a long time delay (typically 60

up to 1 s) and screen flickering. Although these issues are 61

tolerable on eReaders where screen updates are infrequent, 62

they become unacceptable for applications requiring higher 63

refresh rates, such as Web browsing and video playback. 64

To address these limitations, EPD manufacturers have intro- 65

duced a fast refresh mode that employs short waveforms [1] 66

by skipping the activation phase to shorten the refresh pro- 67

cess. While this technique reduces refresh delays (around 68

1/5 the time required by complete waveforms) and removes 69

flickering, it introduces a significant drawback: the ghosting 70

effect. This phenomenon results from insufficient control over 71

particle movement, leading to residual images or “ghosts” 72
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(a) (b)

Fig. 1. Examples of the ghosting effect on EPDs. (a) As the screen content
moves downward, the chess board leaves ghost images in the areas it passed
(where a single-color dark gray is expected). (b) In the video, a stick figure
moves in consecutive frames. The figure’s moving history are left in the dark
background as a result of ghosting.

from previous frames (as shown in Fig. 1), compromising73

screen readability and user experience.74

Hardware-based techniques have been developed to address75

this issue by carefully tuning the short waveforms. However,76

it can only alleviate the ghosting effect to a limited extent due77

to the inherent limitation of the short waveforms. Fig. 1 shows78

the screenshots on a state-of-the-art EPD embedded device79

with carefully tuned short waveforms, where ghosts are still80

noticeable on the screen.81

In light of the limitations of hardware-based solutions, this82

article proposes a software-based approach to mitigate the83

ghosting effect on EPDs. The main idea of our approach is84

to modify the source image to be displayed to counteract the85

color deviations induced by ghosting when the source image86

is updated over previous images on the EPD device. A key87

challenge is the accurate prediction of ghosting occurrence.88

To address this, we built analytical models to characterize89

the ghosting effects and the resultant ghost images from a90

thorough exploration of the screen update history. Built upon91

these models, we adjust the colors in the original image to92

mitigate the ghosting effects. To the best of our knowledge,93

this represents the first attempt at employing a software-based94

solution to tackle the ghosting effect in EPDs. Experiments95

on real-world EPD devices have validated the effectiveness of96

our approach, suggesting it as a viable path toward increasing97

the utility and adoption of EPDs in a variety of embedded98

devices.99

II. PRELIMINARY100

A. EPD Basics101

Basic Structure: EPDs are reflective display devices [25].102

The fundamental structure of an EPD consists of micro-103

capsules containing positively charged white particles and104

negatively charged black particles suspended in a clear fluid105

[Fig. 2(a)]. Positioned between two transparent electrodes, the106

application of an electrical voltage causes the movement of107

these particles, thereby altering the displayed grayscale colors108

(a)

(b)

Fig. 2. Structure and driving waveform of microcapsuled EPDs [25].
(a) Physical structure of EPDs. (b) Waveform with an activation phase.

visible to the viewer.1 For instance, applying a positive voltage 109

to the bottom electrode drives white particles to move upward, 110

displaying the white color. Inverting the voltage yields the 111

black color. EPDs employ an active matrix for pixel-by-pixel 112

display control, similar to the technology used in LCDs. 113

However, the electric fields from adjacent pixels may influence 114

the particle movement at their boundaries. 115

Waveform: The multitude of black and white particles in 116

microcapsules exhibit highly nonlinear responses to elec- 117

tric fields. To precisely position these particles for accurate 118

grayscale display, EPDs employ a waveform, a time-variant 119

electric field applied to each pixel. This waveform includes an 120

activation phase, or particle shaking phase, characterized by a 121

series of voltage alternations designed to “loosen” the particles 122

for subsequent accurate placement [Fig. 2(b)]. Despite its 123

effectiveness in particle control, the full duration of the 124

waveform, often extending up to around 1500 ms, introduces 125

a flickering effect between black and white states, which can 126

be particularly disruptive during fast content updates. 127

Fast Refresh: EPDs address the flickering problems by fast 128

refresh, using short waveforms that bypass the activation phase 129

to drive the display. Although fast refresh effectively removes 130

flickering and accelerates the refresh process (often to just 131

1/5 of that required by a full waveform), it weakens particle 132

control, leading to notable deviations in grayscale accuracy 133

and, consequently, a degraded display quality. 134

Dithering: The weak particle control under fast refresh 135

mode necessitates a binary approach to pixel representation, 136

confining the display capabilities to black and white. To 137

simulate intermediate grayscale colors under this constraint, 138

a dithering process is integrated into the display update 139

pipeline, transforming the original image into a new image 140

with exclusively black and white pixels. Using algorithms 141

like Floyd–Steinberg [27] to produce different distributions of 142

black and white pixels allows the intended grayscale colors to 143

be visually represented (Fig. 3). “Fast refresh + dithering” is 144

currently a standard option on EPDs—particularly suitable for 145

applications demanding frequent screen updates. 146

1Although colorful EPDs also exist [26], they are rarely used in mobile
devices requiring fast refresh. In this work, we focus on grayscale EPDs.
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Fig. 3. Standard image update pipeline in EPD fast refresh mode and how
ghosting effect has resulted.

Fig. 4. Example of ghosting due to misdriving.

B. Ghosting Effects147

The fast refresh mode’s reliance on short waveforms com-148

promises the accurate display of intermediate grayscales,149

leading to pixel color deviations. These deviations, influenced150

by previously displayed images, manifest as the ghosting151

effect, where the discernible residual image of the prior frame152

is visible in the new frame. Fig. 3 exemplifies this with a153

ghost image of a sun from a preceding frame, affecting the154

faithfulness in the display of the subsequent frame. Despite155

extensive efforts to refine short waveforms through hardware156

adjustments, the inherent constraints of these waveforms mean157

that completely eliminating ghosting remains impossible. So158

far, the ghosting effect persists as a significant issue, adversely159

impacting display quality. Two ghosting effects, namely,160

misdriving and fringing, are most commonly observed in161

microcapsuled EPD devices and are frequently reported in the162

related literature.163

Misdriving: This issue arises from inadequate control over164

particle positioning, resulting in most particles within a pixel165

failing to reach their intended locations and causing color166

inaccuracies [1]. This phenomenon is particularly pronounced167

when a pixel displays opposite colors in consecutive images,168

as illustrated in Fig. 4. The display begins with the EPD169

presenting image A and, subsequently, image B. The pixels in170

the clock hand, pointing to 7 in image A, undergo a transition171

from black to white. Due to misdriving, a distinctive gray172

shade is left in the original position of the clock hand.173

Fringing: The compact size of microcapsules relative to pix-174

els means that some capsules astride the boundaries between175

adjacent pixels. The application of waveforms can inadver-176

tently extend the electric field from one pixel to its neighbor,177

influencing microcapsules at the border, known as fringing or178

crosstalk [28], [29]. The intensity of fringing correlates with179

the electric field’s strength and is more pronounced with the180

use of short waveforms, leading to visible color deviations at181

pixel edges (depicted in Fig. 5).182

(a)

(b)

Fig. 5. Example of ghosting due to fringing. (a) Ghosting due to crosstalk—
white fringes. (b) Ghosting due to crosstalk—black fringes.

EPD devices working with slow refresh modes (driven 183

by long waveforms with activation phases) generally do not 184

exhibit the ghosting effect problem. Many EPD-based mobile 185

devices also feature a “reset” operation to restore pixels to 186

their original colors. This is achieved by initiating a slow 187

refresh cycle that includes an activation phase. The “reset” 188

can be activated manually by the user or automatically by 189

the device at intervals. However, this slow refresh “reset” 190

introduces screen flickering, which can be problematic when 191

displaying dynamic content. 192

III. OVERVIEW OF OUR APPROACH 193

Given the limitations of hardware solutions in addressing 194

the ghosting effect in EPDs, this article introduces a software- 195

based approach to mitigate this issue. The fundamental concept 196

involves modifying the source image to be displayed, aiming 197

to compensate for the color deviations caused by ghost 198

images. An example of this is depicted in Fig. 6, where two 199

consecutive image frames are sent to an EPD device. The first 200

frame includes an image of the sun, which, when updated with 201

the second frame, leaves a residual ghost of the sun on the 202

display. To address this, our method modifies the second frame 203

by adjusting the colors in the region where the sun’s ghost 204

would appear. This adjustment is intended to counterbalance 205

the ghosting effect from the first frame, thereby reducing the 206

ghosting effect perceived by users. To realize this, we need to 207

perform two tasks. 208

1) Ghosting Effect Modeling:The initial step requires an 209

accurate prediction of the ghosting effects that might 210

occur when the new image is overlaid on the previous 211

one on the EPD device. We have developed a method 212

to model the ghosting effect by analyzing the dithered 213

images of the 1st and the 2nd frames. This model 214

predicts the ghosting effect for each pixel (the analysis 215

result). 216

2) Ghosting Effect Reduction: With the predicted ghosting 217

information from the modeling step, we then apply 218

image processing techniques to the source image (the 219

original image of the 2nd frame). The goal is to alter 220

the colors of pixels prone to ghosting, aiming for these 221
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Fig. 6. Overview of our approach.

changes to counteract the predicted ghosting effects (in222

the modified image of the 2nd frame).223

Fig. 6 shows the new image update workflow. Note that the224

dotted “U” step refers to the original image update workflow225

without our approach, by which ghosts can be produced on226

the EPD screen. The details of the two tasks will be further227

discussed in Sections IV and V, respectively.228

IV. GHOSTING EFFECT MODELING229

The process of ghosting effect modeling begins by analyzing230

the update histories of individual pixels. This analysis leads to231

the development of an analytical model capable of predicting232

the resultant color on the EPD screen for a pixel, given its233

specific update history.234

Our approach distinguishes between two primary types of235

ghosting effects, misdriving and fringing, due to their distinct236

manifestations within the operational characteristics of EPD237

devices. Misdriving influences the central color of a pixel,238

where the displayed color might be influenced by one or sev-239

eral of the most recent updates, an effect occurring in the time240

domain. On the other hand, fringing primarily occurs in the241

spatial domain, affecting the edges of a pixel. This effect arises242

when adjacent pixels undergo specific color update patterns,243

leading to unintended colors appearing at the pixel boundaries.244

By treating misdriving and fringing as separate issues, our245

model effectively explores the distinct dimensions, time and246

space, in which the ghosting effects operate. This separation247

allows for a more faithful understanding and prediction of the248

ghosting phenomena.249

In the following, we develop analytical models describing250

the two ghosting effects. Recognizing that these ghosting251

phenomena affect separate regions of a pixel, we proceed with252

a color calibration procedure designed to empirically ascertain253

the display outcomes under the ghosting scenarios. The color 254

deviation of the pixel that experiences ghosting effects can 255

then be computed and used in ghosting effect reduction. 256

A. Definitions of Colors 257

Before presenting our modeling approach, it is essential to 258

first clarify the terminology related to “colors” as used within 259

the context of this article, particularly since our examination 260

is centered around grayscale EPDs. In these displays, the 261

color of each pixel in the source image is determined by a 262

grayscale value, which spans from 0 (representing black) to 263

255 (representing white). 264

It is important to recognize that there often exists a discrep- 265

ancy between the intended color and the color that is actually 266

rendered on the display, a phenomenon that is not unique 267

to EPDs but common across various display technologies. In 268

our discussions, when we mention driving or updating a pixel 269

to black or white, we refer to the original color specified in 270

the source image. Conversely, “displayed colors” refer to the 271

colors that are visually perceived on the EPD screen. For the 272

sake of clarity, we adopt the notations B and W to denote the 273

grayscale extremes of 0 and 255, respectively, and utilize ˜B and 274

˜W to indicate the actual rendered grayscale levels when a pixel 275

is driven to black or white (without being affected by ghosting 276

effects). To obtain the grayscale value of the displayed colors, 277

we scan the EPD screen and use the grayscale values read 278

from the scanned images. 279

Moreover, considering the potential nonuniformity in a 280

pixel’s color due to the fringing effects, we define a pixel’s 281

color based on its average color. This average considers 282

both the pixel’s central area and its fringes. Similarly, when 283

discussing the color of a larger region encompassing multiple 284

pixels, we refer to the mean grayscale value derived from all 285

the pixels within that specific area. 286

B. Modeling Misdriving 287

The task of accurately modeling misdriving is challenging, 288

primarily due to the nonlinear response of the particles in 289

EPD devices to the applied waveforms and the influence of a 290

pixel’s update history on its displayed color. To address these 291

complexities, our approach involves an in-depth exploration 292

and analysis of the display outcomes following various update 293

history sequences, aiming to identify patterns that can be 294

expressed by analytical models. Our discussion here focuses 295

on individual pixels, with the understanding that the findings 296

are applicable across all the pixels on the EPD screen. 297

Our methodology entails an exhaustive enumeration of 298

possible update histories for a pixel, considering a defined 299

number of consecutive updates (the methodology for effi- 300

ciently conducting this exploration in parallel is detailed in 301

Section VI). We limit our exploration to update sequences up 302

to seven steps long, encompassing up to 128 distinct histories. 303

The experimentation was conducted on a 10.3-In E-Ink Carta 304

module [30], a commonly used component in EPD tablets and 305

e-readers. To minimize interference, updates were applied to 306

a pixel array rather than individual pixels, and the average 307
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Fig. 7. Automaton for the test-bed EPD device.

displayed color was recorded after each update step. We record308

the displayed color in each step of an update history.309

Through this analysis, we found specific update patterns on310

our test EPD device. By classifying all the collected displayed311

colors, four predominant colors of a pixel are recognized:312

standard black (˜B), standard white (˜W), darker than standard313

black (B+), and a light gray close to standard white (W−).314

Then, we use these four colors to represent the display315

result in each step of an update history. We observed that316

the resulting color after an update is primarily determined by317

the color displayed in the preceding frame, a phenomenon we318

describe as “1-step-history-dependent.” This observation laid319

the groundwork for constructing an automaton to describe the320

color transition process for update sequences, as illustrated321

in Fig. 7. In this automaton, the states represent the four322

identified colors, and transitions indicate the color changes323

resulting from updating the pixel to black or white. We express324

these transitions as Ci
B/W−→ Cj, where Ci is the initial color,325

B/W denotes the update command, and Cj is the resultant326

color.327

The automaton unveiled some characteristics of the EPD.328

For example, a pixel updated from black to white transitions329

to a light gray state (W−) and cannot revert to standard white330

(˜W), suggesting a disparity in waveform control over the331

black and white particles. Additionally, a specific sequence332

(˜B → W− → B+) indicated that a black–white–black update333

cycle results in a darker black (B+) than the standard black,334

a color observable only under slow refresh conditions. This335

supports the theory that such an update sequence induces a form336

of particle activation, enhancing the mobility of black particles.337

To validate the automaton’s accuracy, we tested it with338

update histories of up to eight steps and found no violations.339

However, longer sequences were not tested due to the expo-340

nential increase in possible histories. Within the tested range,341

the observed behaviors remained consistent with the model.342

Given the widespread adoption of the E-Ink Carta module in343

commercial devices, the behaviors captured by our automaton344

will be observed in many devices employing the same module345

type. Nonetheless, other EPDs may exhibit behaviors that346

depend not only on their most recent update but also on347

several previous updates. We refer to this characteristic as348

“N-step-history-dependent.” An automaton that describes this349

property would need to differentiate update histories that span350

multiple steps. One potential approach could incorporate the351

update history information into the automaton’s states. For352

Fig. 8. Illustration of white fringes.

example, the state would indicate the pixel’s current displayed 353

color and the sequence of updates that lead to this color. This 354

method could noticeably increase the number of states due 355

to the explicit representation of update histories, potentially 356

expanding the automaton to an impractical size for runtime 357

use. Some form of abstraction might be necessary to reduce 358

the size of the automaton while maintaining a manageable loss 359

of precision. Exploring such devices will be our future work. 360

C. Modeling Fringing 361

Fringing is a ghosting effect that emerges from the spatial 362

interactions between adjacent pixels. Previous studies [29] 363

have reported the existence of fringing, yet a formal character- 364

ization of its impact on display behavior remains unexplored. 365

Our study discloses the conditions that lead to the formation 366

of fringes around pixels and the conditions for their removal. 367

While both white and black fringes can manifest, our discus- 368

sion will predominantly focus on white fringes for clarity. 369

To examine the fringing effect, we designed experiments 370

that apply different update patterns surrounding a target pixel. 371

This was achieved by creating images with a chessboard 372

pattern, alternating black and white pixels to simulate different 373

neighbor conditions for the target pixel, as shown in Fig. 8. 374

Initially, this chessboard image is displayed on the EPD, 375

followed by updating the entire screen to black. This sequence 376

results in the appearance of white fringes at the boundaries of 377

certain pixels, demonstrating the fringing effect. 378

The analysis of the patterns in Fig. 8 reveals that white 379

fringes develop at a pixel’s border exclusively when it tran- 380

sitions from white to black, while its adjacent pixel remains 381

black throughout the process. It is important to note that 382

the formation of white fringes on each of the pixel’s four 383

borders is independent. Our exploration extended to methods 384

of eliminating these white fringes. The findings indicated 385

that simply updating the affected pixel and its neighboring 386

pixels to black does not suffice to erase white fringes. The 387

only successful approach to remove a white fringe involves 388

updating the two pixels aside from the fringe to white, 389

followed by a collective update to black. 390

Therefore, the emergence and removal of white fringes 391

around a pixel, denoted as p, can be mathematically modeled 392

by (1). Let x represent the four possible directions (top, 393

bottom, left, and right) relative to pixel p, denoted as T , B, L, 394

and R, respectively. The pixel adjacent to p in direction x is 395
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represented by px. The expressions C(pre(p)) and C(p) denote396

the colors of pixel p in the preceding and the current frame,397

respectively. The variable wf (p, x), which transitions from 0398

and 1 and from 1 to 0, signifies the formation and elimination399

of a white fringe along the x direction of pixel p400

wf (p, x) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 → 1 C(pre(p)) = W & C(p) = B
& C(pre(px)) = C(px) = B

1 → 0 C(pre(p)) = C(pre(px)) = W
& C(p) = C(px) = B.

(1)401

Given that black fringes follow the same principles as white402

fringes, we can model the occurrence and removal of black403

fringes as follows, where the variable bf (p, x) represents the404

formation and elimination of black fringes:405

bf (p, x) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 → 1 C(pre(p)) = B & C(p) = W
& C(pre(px)) = C(px) = W

1 → 0 C(pre(p)) = C(pre(px)) = B
& C(p) = C(px) = W.

(2)406

It is important to notice that the proposed data-driven407

modeling approach is not limited to a single EPD module type.408

For devices from the same EPD module type, the character-409

istics and underlying principles remain consistent, making the410

automata used to describe ghosting effects applicable across411

all devices of that module type. For devices from different412

module types, unique automata are generated to accurately413

represent the specific ghosting effects of each type.414

D. Prediction and Color Calibration415

Leveraging the models we have constructed, we can predict416

the ghosting effects that each pixel in the image will experi-417

ence. This process involves analyzing the dithered images of418

both the current and the preceding frames as input, allowing419

us to accurately predict the presence of ghosting effects for420

every individual pixel (as shown in Fig. 6).421

Then, we need to accurately measure the color deviations422

introduced by these effects. Given that misdriving and fringing423

impact distinct regions of a pixel, their cumulative influence424

on color perception must be carefully evaluated. To achieve425

this, we undertake a comprehensive experimental procedure426

designed to capture the full spectrum of ghosting effects that427

may manifest on an EPD screen.428

This process involves creating a series of test patterns429

encompassing all conceivable ghosting scenarios and display-430

ing these patterns on the EPD. Subsequently, we employ431

a high-precision scanner to capture the display output. The432

scanned images are then processed to calibrate the grayscale433

values of the pixels under various ghosting conditions. The434

actual calibration details and results are reported in Section VI.435

The calibrated color data serves a dual purpose. First, it436

enables us to quantify the specific color deviations associated437

with each ghosting effect. Second, this information forms the438

basis for the color adjustments required in the subsequent439

ghosting effect reduction phase. Also, note that color discrep-440

ancies among different devices of the same module type do not441

alter the fundamental principles of ghosting effect occurrences;442

hence they do not impact the modeling.443

V. GHOSTING EFFECT REDUCTION 444

In this section, we present our techniques for reducing the 445

ghosting effect, building upon the results of our ghosting 446

effect modeling. We begin by detailing our primary approach, 447

followed by discussing key challenges encountered and the 448

solutions we have proposed. We will first focus on mitigating 449

the ghosting effect for a single-frame update. Toward the end 450

of this section, we will elaborate on how these techniques are 451

extended and applied across multiple consecutive frames to 452

achieve the comprehensive ghosting effect reduction approach. 453

A. Primary Approach 454

Our main strategy for mitigating ghosting effects involves 455

adjusting the colors of pixels in the original image to offset 456

the color deviations caused by ghosting. The general process 457

is shown in Fig. 6. Based on the predicted ghosting effects and 458

the quantified color deviations for each pixel, we modify the 459

color of each pixel in the source image to counterbalance the 460

impact of ghosting. For instance, if ghosting tends to lighten 461

a pixel’s color, we darken its grayscale value accordingly. 462

Following these adjustments, the modified image undergoes 463

a standard dithering process to generate a binary (black and 464

white) image required by the fast refresh mode. Our aim is that 465

these color corrections will reduce the visibility of ghosting 466

effects once the updated image is displayed on the EPD. 467

Nonetheless, some issues still exist, making the primary 468

approach inadequate to mitigate the ghosting effects. The 469

coming two sections will explain these issues and also provide 470

our proposed solutions, which are integrated into the primary 471

approach for a comprehensive solution. 472

B. Addressing Modification Issues at the Color Extremes 473

1) Problem: Our exploration into misdriving, represented 474

by our analytical model in Fig. 7, highlights unique challenges 475

on color extremes. We observed that when a pixel’s color 476

ends up in W− (a light gray close to white), attempting to 477

update this pixel to standard white ˜W is possible. This brings 478

a dilemma: the desired update color is already at its brightest, 479

and there is no further “whiteness” to add to reduce the 480

ghosting effect manifesting as W−. If widespread across a 481

section of the image, such situations can lead to significant 482

color discrepancies, readily perceptible to viewers. 483

A parallel issue emerges in the context of fringing. Suppose 484

a standard black pixel exhibits white fringes at its edges; a 485

grayish appearance will be displayed. If the neighboring pixels 486

do not update with the removing pattern specified by the 487

fringing model [referenced as (1)], these white fringes will 488

persist. Note that the pixel is already a standard black pixel. 489

In this case, there is no space for further darkening to mitigate 490

the fringing effect. 491

These observations necessitate the development of new 492

techniques that can be integrated with our primary approach to 493

effectively address the limitations imposed by color extremes 494

in ghosting effect reduction. 495

2) Solution—Adjusting Clean Pixels: To address the iden- 496

tified challenges, our proposed solution involves modifying 497

“clean” pixels in regions affected by the aforementioned issues 498
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Fig. 9. Explaining the perceivable ghost within a semantic region.

rather than attempting to further adjust the “dirty” pixels499

already at their color extremes.500

Our extensive research on EPD devices showed that ghost-501

ing effects are most noticeable to users when they disrupt502

the uniformity of color in areas where a consistent color503

is expected. Consider the scenario depicted in Fig. 9, which504

illustrates a region of human hair composed of black pixels.505

Due to the fringing effect, the lower part of the hair region506

may appear grayish, creating a noticeable discrepancy in the507

overall hair area. In such cases, the ghosting effects become508

apparent to the viewer. Given that the pixels in this area are509

already at their darkest, further darkening to counteract the510

fringing is not feasible. Instead, we lighten the hair’s upper511

part, harmonizing the color across the entire area and reducing512

the visibility of ghosting.513

At first glance, adjusting clean pixels might seem counter-514

intuitive and too aggressive. However, this approach is justified515

by a couple of practical considerations. First, EPD devices are516

not known for their precise color reproduction, and even in517

the absence of ghosting, the colors displayed can deviate from518

the original image. Hence, minor modifications to the image519

are unlikely to significantly impact the viewer’s interpretation520

of the screen content. Second, in scenarios where fast refresh521

modes are in use—often associated with dynamic content522

like scrolling through web pages—the exact color fidelity523

of the content is less critical to the user experience. Under524

these circumstances, slightly modifying the clean pixels to525

alleviate ghosting becomes a practical and effective solution.526

The validity of this approach is further demonstrated by the527

experimental results provided in Section VI, justifying the528

rationale of adjusting clean pixels.529

3) Need for Image Segmentation: The strategy of adjusting530

clean pixels should not be indiscriminately applied across531

the entire image, which could lead to potentially disruptive532

results to image quality. For instance, brightening all pure533

black pixels to counteract white fringes around some of534

them results in unnecessary adjustments. We observed that535

color discrepancies are particularly noticeable within coherent536

semantic regions, such as the example of the hair region in537

Fig. 9. Hence, preliminary image segmenting into semantic538

regions is essential before color adjustments.539

An issue in effective image segmentation lies in defining540

what constitutes “similar” colors. Unlike the uniform hair541

example, real-world semantic regions often contain a range of542

colors due to the inherent textures and shading of the objects.543

Therefore, the segmentation algorithm must be designed to544

accommodate minor color variations within a semantic region 545

without compromising the region’s integrity. 546

To address this, we adopt a two-phase segmentation strategy. 547

Initially, a seed pixel is chosen randomly, and a group of 548

connected pixels with similar colors is gathered around this 549

seed, like a flooding approach [31]. For practical purposes, we 550

consider pixels within a grayscale value difference of ±30 to 551

be similar, a threshold determined through empirical testing. 552

This procedure is repeated until the entire image is divided 553

into several preliminary segments, referred to as candidate 554

regions. These candidate regions might represent disjoint parts 555

of the same semantic entity. To unify such regions, the second 556

phase involves calculating the average color for each candidate 557

region and then applying the MeanShift clustering algorithm, 558

with a radius of 16 grayscale values, to merge candidate 559

regions with closely matching average colors. Additionally, the 560

initial segmentation phase can be implemented by initiating the 561

flooding process from multiple seeds simultaneously, allowing 562

for parallel processing and better efficiency. 563

C. Further Optimization for Quality 564

An inherent issue with color adjustment strategies is the 565

potential introduction of new ghosts into the image. It has been 566

observed that when dirty pixels—those affected by ghosting— 567

are evenly distributed within a semantic region, the ghosting 568

effect tends to be less noticeable to viewers. Consequently, 569

attempting to counteract these dirty pixels through color 570

adjustments in such regions could inadvertently lead to new, 571

unintended ghosting effects. To reduce this risk, our approach 572

includes assessing whether a semantic region is characterized 573

by a high density of dirty pixels, resulting in nonuniform 574

colors. Regions that do not exhibit significant color nonunifor- 575

mity are left unaltered to prevent the introduction of additional 576

ghosting artifacts. 577

Our methodology analyzes the distribution of pixels affected 578

by a predominant ghosting effect within a semantic region. 579

We implemented a sampling-based algorithm that trades some 580

precision for efficiency to accomplish this. Based on the 581

predictions of ghosting effects for each semantic region, we 582

identify the dominant ghosting phenomenon. We then examine 583

smaller subsections of pixels within the region, organized into 584

6 × 6-sized grids, to evaluate the prevalence of the primary 585

ghosting effect within these grids. We can gather information 586

on its distribution across the region by calculating the ratio 587

of pixels affected by the dominant ghosting effect within each 588

grid. Following this, we compute the standard deviation of 589

the ratios obtained from all the grids within the semantic 590

region. In this work, a standard deviation below a predefined 591

threshold of 0.15 indicates a relatively uniform distribution 592

of the ghosting effect throughout the region, suggesting that 593

further color adjustments may not be necessary. This approach 594

helps us decide when color corrections would be beneficial, 595

minimizing the risk of introducing new distortions. 596

D. Handling Consecutive Frame Updates 597

The previous section discussed our ghosting effect reduction 598

strategy regarding a single frame update. To expand this 599

approach to handle sequences of more than two consecutive 600
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Algorithm 1: Ghosting Effect Reduction

Input: Pi, the i-th/current image to update
Input: Pi−1

D , the dithered (i − 1)-th image updated
Input: GPi−2,Pi−1 , the predicted ghost information

obtained when updating the (i − 1)-th image upon
the (i − 2)-th image

Output: Pi
D

′, the ghosting-aware dithered image of the
i-th frame

// STEP 1: ghosting effect prediction (Sec. IV)
Pi−1

D = Dithering(Pi−1);
Pi

D = Dithering(Pi);
GPi−1,Pi = GhostPredict(Pi−1

D , Pi
D, GPi−2,Pi−1);

// STEP 2: ghosting effect reduction (Sec. V)
{S1, . . . , Sn} = ImageSegmentation(Pi); // (Sec. V-B3)
// Sj is the j-th semantic region of Pi

for j = 1,. . . , n do
// (Sec. V-C)
if NeedToAdjust(Sj, GPi−1,Pi) then

flag = CleanOrDirty(Sj, GPi−1,Pi); // (Sec. V-B)
S′

j = Adjust(flag, Sj, GPi−2,Pi−1 , GPi−1,Pi);
// Performing color adjustment to the original
image (Sec. V-A, V-B, V-C)

// STEP 3: generating output
Pi′ = {S′

1, . . . , S′
n};

Pi
D

′ = Dithering(Pi′);
return Pi

D
′;

frame updates, a crucial aspect is ensuring the accurate601

carryover of ghosting information from one frame to the next.602

Consider a scenario involving a pixel p across three sequen-603

tially updated frames: A, B, and C. Ideally, p is meant to604

transition from black in frame A to white in frames B and605

C. Due to misdriving, however, p exhibits a W− coloration606

after the update from A to B. To precisely determine p’s color607

after the update to frame C, it is imperative to account for608

the fact that p was displaying W− after the B update. Thus,609

when modeling the ghosting effect for the upcoming update to610

frame C, the analysis must include the ghosting information611

obtained from updating from C and the ghosting information612

obtained when updating frame B.613

In the “Ghosting Effect Reduction” phase of our approach,614

as outlined in the general workflow depicted in Fig. 6, the input615

for ghosting information encompasses the analysis results616

of ghosting effects predicted for both the current and the617

preceding frames. For simplicity, we do not add a new figure618

to show the adjustment to the workflow illustrated in Fig. 6.619

E. Putting All Together620

Integrating the components above, we present a comprehen-621

sive algorithm for predicting and reducing ghosting effects,622

detailed in Algorithm 1. To ascertain the ghosting effects623

for the current frame, referred to as Pi, it is essential to624

have access to the immediately preceding frame, Pi−1, along625

with the ghosting effect predictions from the prior cycle,626

GPi−2,Pi−1 . Subsequent to the ghosting effect prediction for 627

Pi, color adjustments are made, taking into account the 628

ghosting information GPi−2,Pi−1 , especially crucial for span- 629

ning multiple consecutive frames. The conversion of images 630

from a 256-color grayscale to a binary format is achieved 631

through a dithering process, employing the widely adopted 632

Floyd–Steinberg algorithm (Dithering function) [27] in image 633

processing. 634

VI. IMPLEMENTATION AND EVALUATION 635

A. Experimental Settings 636

In the evaluation, we utilized a 10.3-In Waveshare EPD 637

equipped with the E Ink Carta module [30], with a 1872×1404 638

pixels resolution. Given its prevalence in a range of EPD- 639

based commercial devices, this module is an apt model for 640

our testing. The EPD’s capability to support fast refresh rates 641

makes it particularly suitable for scenarios requiring dynamic 642

screen updates. The device is operated via a Raspberry Pi, 643

which acts as the embedded controller for screen updates.2 644

Our test suite comprises images from common use cases, 645

including Web browsing, blog reading, and image galleries. 646

We observe ghosting effects by sequentially updating images 647

on the EPD. We use an EPSON V19 scanner set to “continuous 648

automatic exposure” mode to capture the display outcomes 649

accurately. This mode automatically determines the optimal 650

exposure parameters for each scan and allows the parameters 651

to be locked for future scans if a “preview” operation is 652

conducted initially. We conducted this preview to ensure 653

uniform scan settings throughout our experiments. For EPD 654

feature exploration and color calibration, we use the 2400 655

dpi setting, where one EPD pixel is represented by about 656

140 pixels in the scanned image. For our empirical studies, we 657

used 600 dpi to enhance efficiency, with 9 pixels representing 658

an EPD pixel in the scanned image. Both resolutions are 659

sufficient to clearly capture the ghosting effects. 660

B. Efficient Application of Display Histories 661

To effectively model the ghosting effect, it is crucial to 662

investigate the color outcomes associated with various display 663

histories, beginning from an initial state. Given that the EPD 664

screen can be updated to either black or white with each step, 665

there are 2N potential update sequences for N steps. We adopt a 666

parallelization strategy to gather data on these display histories 667

efficiently using a single EPD test device. 668

For instance, when examining update sequences encompass- 669

ing up to seven steps, we divide the EPD screen into 128 670

equally sized rectangular sections, each containing 117 × 175 671

pixels. These sections are assigned IDs ranging from 0 to 672

127, with each ID expressible as a 7-digit binary number. 673

Each binary digit within an ID corresponds to a specific 674

update step, where “0” signifies an update to black, and “1” 675

represents an update to white. Thus, the 7-digit binary ID of 676

a section distinctly delineates a unique update sequence over 677

2Direct implementation on commercial EPD devices, such as tablets or
phones, was not feasible due to proprietary restrictions on the mobile operating
systems and EPD drivers.
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seven steps. To simulate all possible update histories of up to678

seven steps with minimal images, we create seven chessboard-679

patterned images. Each image, representing a particular update680

step, determines the target color for each section based on681

the corresponding digit in the section’s ID. This allows for682

generating all 7-step histories using merely seven images on683

a single EPD screen.684

For the initial image, the EPD’s update requires two color685

outcomes for all sections—black or white. Subsequent updates686

incrementally double the number of possible update histories.687

Following each update, we scan the EPD’s display to docu-688

ment the colors manifested by the latest update. This approach689

facilitates the efficient collection of displayed colors for all690

possible 7-step histories. It is important to note the necessity of691

balancing the number of screen divisions to avoid excessively692

small sections, which could lead to inaccuracies in the color693

measurement over scanned images.694

C. Color Calibration and Its Results695

For effective modeling and reduction of ghosting effects,696

precisely identifying the actual grayscale value of pixels on697

the screen is fundamental. To this end, we undertake empirical698

color calibration, drawing grayscale values directly from high-699

resolution scans of the display. Although the scanning process700

may introduce slight brightness variations, these do not detract701

from our analysis, which focused on relative color differences.702

The critical aspect is the scanner’s fidelity in capturing these703

differences, ensuring the utility of the scanned images for our704

evaluations. To enhance the reliability of our calibration, we705

repeat the procedure ten times for each scenario, averaging the706

results to derive stable grayscale values.707

To calibrate the colors for deeper blacks and lighter grays,708

we create extensive pixel areas manifesting these specific709

colors and compute the average grayscale value across all pix-710

els. Fringes, which primarily affect pixel boundaries without711

extending into the pixel’s core, present a unique challenge712

due to the tiny size of individual pixels. Instead of isolating713

these narrow borders for separate color modeling, we calibrate714

a pixel color by accounting for varying fringe counts. This715

is accomplished by generating expansive chessboard-patterned716

areas designed to induce 1–4 fringes per pixel. After scanning717

these areas, we average the grayscale values of the targeted718

pixels to ascertain the resultant colors. These values are719

denoted as gs(˜Bwfx) and gs(˜Wbfx) for black and white pixels720

bordered by x number of white and black fringes, respectively.721

Furthermore, the interplay between misdriving and fringing722

necessitates a calibration process that covers all conceivable723

combinations. We denote the grayscale values for a W− pixel724

affected by both x black fringes and misdriving as gs(W−
bfx

),725

and similarly, gs(B+
wfx

) for a B+ pixel experiencing both x726

white fringes and misdriving.727

The detailed outcomes of our color calibration are presented728

in Table I. It is worth noting that slight variations in color729

may exist among pixels of the same category. To counteract730

this variability, we intentionally create large pixel clusters731

for calibration and calculate the average grayscale values732

for the entire group of pixels under examination whenever733

TABLE I
COLOR CALIBRATION RESULTS

necessary, ensuring a more accurate calibration of the colors 734

with complex ghosting situations. 735

Recalibration: It is important to note that color calibration 736

is specific to each EPD device. Recalibration is needed when 737

there is a noticeable color deviation between a newly man- 738

ufactured EPD device and a previously calibrated one. This 739

ensures accurate color compensation during ghosting effect 740

reduction. In industrial settings, devices are often produced in 741

batches. Significant color deviations within the same batch are 742

rare for mature production lines. Consequently, it is common 743

practice to calibrate once per batch prior to product delivery. 744

For devices from different EPD modules that may vary in 745

their working principles, recalibration is typically required. For 746

applications requiring optimal ghosting effect reduction for 747

each specific device, the ideal practice would be to calibrate 748

each device independently, similar to the individual predeliv- 749

ery calibration for LCD monitors in specialized professional 750

domains, ensuring optimal color accuracy. 751

D. Evaluating Ghosting Effect Reduction 752

1) Evaluation Metric: The visibility of ghosting effects to 753

users is primarily from the occurrence of color discrepancies 754

within specific regions, deviating from expected uniformity. A 755

crucial component of our evaluation is adopting a metric that 756

quantitatively assesses the efficacy of our reduction techniques. 757

To achieve this, we utilize the “deep image structure 758

and texture similarity (DISTS)” index [32], [33], a metric 759

designed to evaluate image similarity. This index, based on the 760

methodology described in [32] and [33], is adept at capturing 761

similarities between images. When comparing two images, A 762

and B, the index produces a non-negative value indicating their 763

similarity. A smaller index value suggests that image B is more 764

similar to image A. 765

In the context of assessing ghosting effects, a more 766

pronounced ghosting anomaly would lead to a significant 767

divergence between the displayed image and the original, 768

thereby resulting in a higher DISTS index value (denoted 769

as vg). On the other hand, successful mitigation of ghosting 770

effects should bring the displayed image closer to resembling 771

the original, manifesting as a reduced DISTS index value 772

(denoted as vr). The relative decrease of vr compared to vg 773

serves as an indicator of the ghosting reduction’s effectiveness. 774

The DISTS index is generally reliable for evaluating small 775

to medium-sized images, and its precision may diminish for 776

higher-resolution images due to localized textural variations. 777
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(a) (b) (c)

Fig. 10. Visualizing different ghosting effects. (The colors in the figure
are not from the original image; we use different colors to represent the
occurrence of different ghosting effects on the pixels.) (a) Fringing white
fringe. (b) Fringing black fringe. (c) Misdriving deviated white.

To circumvent this, we downscale the scanned images to a778

resolution of 200 × 150 pixels prior to calculating the DISTS779

index values, ensuring the metric’s accuracy and relevance to780

our analysis.781

2) Case Study: To show the effectiveness of ghosting effect782

reduction, we present a case study demonstrating a web page783

scrolling scenario, where the page transition displays image A784

followed by image B, as depicted in Fig. 11.785

Initially, we analyze the ghosting effects through dot cloud786

visualizations (Fig. 10), where (a)–(c) illustrate pixels affected787

by white fringes, black fringes, and misdriving, respectively.788

The analysis reveals a significant presence of ghosting effects.789

The impact of ghosting is evident in image BS (Fig. 11),790

where the figure’s hair, expected to be close to black, appears791

grayish in the lower portion due to prevalent white fringing792

effects. This discrepancy highlights the visual significance of793

ghosting effects. Similarly, the clothing area, intended to be794

standard white, is predominantly displayed in light gray due to795

misdriving, with only a small section maintaining the desired796

standard white appearance. The contrast within these regions797

manifests visible ghosts to viewers. Image B′ represents the798

outcome of applying our ghosting effect reduction technique,799

with adjustments made to the hair and clothing regions800

for color correction. Notably, the clothes region required801

modifying clean pixels to diminish the ghosting effect. The802

comparison between B′ and B shows the adjustments made,803

and B′
S shows a reduction in the perceptible ghosts. Ghosting804

observed in background areas has uniform distribution and805

thus is less noticeable. Our methodology, as outlined in806

Section V-C, effectively identifies and excludes such evenly807

affected regions during the color adjustment phase.808

Further examples from diverse scenarios are shown in809

Fig. 12, which includes three cases (arranged in rows). The810

first column presents the ground truth (the image to be dis-811

played), the second column shows the displayed result without812

our intervention (highlighting visible ghosts), and the third813

column displays the result after applying our ghosting effect814

reduction approach, showing a decrease in visible ghosting815

effects. Due to space constraints, the previous frame causing816

the ghosting in the current frame is not shown. Accompanying817

DISTS index values are provided for quantitative evaluation.818

Several insights can be obtained from these results.819

First, addressing ghosting effects in images characterized820

Fig. 11. Use case of ghosting effect reduction.

by complex textures is more challenging, attributed to the 821

intricacies involved in image segmentation. Second, within the 822

typical framework of web page images, which often com- 823

prise diverse regions with either textual content or graphical 824

elements, the application of semantic segmentation plays an 825

important role. By distinguishing the ghosting phenomena in 826

these regions, it becomes possible to apply different adjust- 827

ment strategies, thereby enhancing the efficacy of the ghosting 828

effect reduction. 829

3) Empirical Study: In order to investigate the prevalence 830

of ghosting effects across a wide variety of images and to 831

evaluate the efficacy of our proposed solutions, we undertook 832

an empirical study with 100 pairs of images. Twenty pairs 833

of images are obtained from web pages, photographs, and 834

cartoon pictures representing various application scenarios. 835

Eighty pairs are synthetic images produced by randomly 836

putting around 100 geometric objects (circles, triangles, rect- 837

angles, and polygons) in an image, with each object randomly 838

assigned grayscale values ranging from 0 to 255 in order to 839

generate diverse complexity of the image content. 840

Each pair of images was sequentially displayed on the EPD 841

screen, and the DISTS index was calculated to quantify the 842

ghosting effect with and without our ghosting effect reduction 843

technique. Before applying our method, the average DISTS 844

index across all image pairs is 0.096. Our approach decreased 845
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Fig. 12. More cases for ghosting effect reduction.

Fig. 13. Evaluation results of the empirical study.

the average DISTS index to 0.058, showing our method’s846

capability to reduce the ghosting effects. All DISTS index847

value pairs are visualized in Fig. 13. The 100 pairs of images848

and the scanned display results are provided via a weblink.3849

E. Execution Performance Evaluation850

To evaluate the operational efficiency of our ghosting effect851

reduction method and its impact on the display update process,852

we carried out performance evaluation a Huawei Mate 40 Pro853

3https://anonymous.4open.science/r/ghostbuster-B3D9

TABLE II
PERFORMANCE EVALUATION RESULTS

smartphone, featured by an octa-core Kirin 9000 CPU and 854

an ARM Mali-G78 MP16 GPU. The delay introduced by our 855

approach comprises several steps. 856

1) C1: Dithering the original image. 857

2) C2: Conducting an analysis of ghosting effects. 858

3) C3: Segmenting the image. 859

4) C4: Modifying the original image based on the analysis. 860

5) C5: Dithering the modified image for display. 861

To enhance the performance of our approach, we first 862

downscaled the original image prior to the segmentation pro- 863

cess, which significantly boosts performance with a minimal 864

compromise in accuracy. Second, given the data-parallel nature 865

of all five components of our algorithm, they are well suited for 866

GPU acceleration. Considering the widespread availability of 867

mobile GPUs in contemporary devices, such as smartphones, 868

tablets, and laptops, leveraging GPU acceleration is a standard 869

and practical choice. We implemented these steps using the 870

OpenCL 3.0 library. 871

An extensive analysis was conducted to measure the time 872

delays for each component across our 100-case empirical 873

study. The average delays recorded for components C1–C5 on 874

the test device are given in Table II. The average total time 875

delay is 126.3 ms. In comparison, the standard refresh time for 876

an EPD device, particularly in fast refresh mode, falls between 877

120 and 150 ms, as dictated by the waveform application 878

process. To reduce the impact of the additional delays from 879

ghosting effect reduction, we propose a pipeline strategy that 880

synchronizes with the screen refresh cycle. Specifically, while 881

the EPD controller is busy updating the current frame, the UI 882

system can simultaneously prepare and render the subsequent 883

frame (with ghosting effect reduction) in the background. 884

This method requires slight modifications to the UI system 885

architecture, such as in Android devices, to enable parallel 886

processing of screen refreshes and frame preparation using 887

dual buffers. This setup ensures that the refresh rate, even 888

in fast refresh mode, remains consistent, unaffected by the 889

integration of ghosting effect reduction measures. 890

VII. RELATED WORK 891

EPDs have dominated the eReader market, for their paper- 892

like display qualities and energy efficiency [1]. Initially, the 893

focus of hardware advancements in EPDs was on improving 894

the resolution and contrast. However, the inherent limitations 895

related to slow refresh rates and noticeable screen flick- 896

ering, primarily due to the nature of driving waveforms, 897

have hindered their application range. While these limitations 898

pose minor concerns for eReaders requiring infrequent screen 899

updates, they become significant in applications demanding 900

quick refresh, as outlined in Section I. 901

In response to these challenges, substantial research has 902

been directed toward the development of short waveforms for 903

EPD operation [28], [34], [35], [36], [37], with the goal of 904
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reducing waveform duration. Some efforts focus on shortening905

the activation phase, while others propose eliminating it906

entirely to achieve quicker refresh times and eliminate flicker.907

Despite their advantages, short waveforms compromise908

precise control over EPD particles, leading to ghost images.909

Recent studies explored waveform enhancements to reduce910

ghosting effects. For example, research by Yang et al. [38]911

investigated how different waveform parameters influence912

ghosting. However, their solutions reintroduced flicker due to913

the inclusion of a short shaking phase. Shen et al. [29] tackled914

fringing by fine-tuning waveforms to account for the electric915

field dynamics. Given that waveform adjustment often involves916

manual tuning, Cao et al. [25] leveraged CNN to automate917

the identification of ghosting effects from extensive display918

outcomes for systematic waveform optimization.919

While existing research predominantly centers on refining920

waveforms to address ghosting, commercial EPD solutions921

frequently offer users multiple refresh modes to suit different922

usage scenarios. Nevertheless, these measures typically fall923

short of completely eradicating ghosting due to the intrinsic924

limitations of short waveforms. Our approach diverges from925

traditional methods by acknowledging the inevitability of926

ghosting with short waveforms. Instead, we employ software-927

based methods to counteract the effects of ghosting, aiming928

for a display outcome with less noticeable ghosts, thereby929

enhancing the overall viewing experience.930

VIII. CONCLUSION931

EPDs are becoming popular for a wide array of embedded932

devices. The necessity for fast refresh rates to accommodate933

dynamic content has introduced the challenge of ghosting934

effects, which can significantly degrade the user experi-935

ence. To address this issue, we presented a software-centric936

methodology that not only precisely models the ghosting937

phenomenon but also effectively diminishes its impact by938

modifying the original image. The efficacy of our approach has939

been validated on actual EPD devices. Our solution provides940

a promising avenue for ensuring that users can fully enjoy941

the inherent advantages of the EPD technology with reduced942

disturbance from the ghosting effect problems.943
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