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Abstract 
The development of electronic paper, which has the merits of both 
paper and electronic displays, is being eagerly pursued. This study 
aims to clarify the factors of readability which is naturally realized 
by paper; clarified factors will yield good guidelines for realizing 
readable electronic paper. Our expectation is that reading style is 
an important factor determining readability. We evaluate the 
reading performance of three medium handling styles (vertical, 
horizontal, hand-held) using current electronic books (LIBRIe, 
ΣBook) and paper documents. Test results show, for both types of 
electronic books, that the "hand-held" style is superior in terms of 
lower fatigue and better readability. It is suggested that the 
readability of electronic displays can be enhanced by making them 
compact and permitting the hand-held reading style. 

Introduction 
Electronic paper, which should provide the advantages of both 
paper and electronic displays, is a prime research topic.1,2 This 
study aims to clarify the factors of readability with regard to paper; 
these factors will yield good suggestions for realizing readable 
electronic paper. Several reports presented on the factors of 
readability have examined medium angle,3 medium form,4 
contrast,5 lighting condition6 etc.  However, it is not clear how to 
assess these factors. We are attempting to clarify the causes of the 
difference in fatigue levels seen for two kinds of media: paper and 
electronic displays (displays hereafter). One possible cause is the 
difference in reading styles. “Freehand holding” is a popular way 
of reading text on paper, and this reading style is totally different 
from the fixed reading style provided by displays on desks.   

We have already reported a comparison of readability and fatigue 
level of reading tasks on paper and on displays. We have 
confirmed that freehand holding increases readability and reduces 
fatigue levels especially for displays.7-9  This study aims to 
reconfirm that the "hand-held" condition is advantageous for 
reducing fatigue and enhancing readability. Reading performances 
were evaluated for different medium handling styles using current 
electronic books (LIBRIe, ΣBook) and paper. The Analytic 
Hierarchy Process* (AHP) was used for this subjective 
evaluation.10,11 

Experiments 
Experimental Method 
Experiments were carried out in order to evaluate fatigue levels 
(eyes or body) and readability under various reading styles using 
current electronic books (LIBRIe, Σbook) and paper. Three 
different reading styles were examined: vertical (the medium was 

set on a desk (A)), horizontal (the medium was laid on a desk (B)), 
and hand-held (C). 

Figure 1 shows the reading scenes as combinations of the three 
reading styles and the three media. The subjects were presented 
with material from a Japanese novel and the volume of text read in 
a 30 minute period was measured. Fatigue levels were assessed 
from the subjects' responses collected just after each reading task. 
The tasks were spaced at 15 minute intervals.  

Table 1 lists the specifications of the three media. Table 2 shows 
experimental conditions. Table 3 gives the instructions provided to 
the subjects. 
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Figure 1. Scenes of Evaluations 

Table 1: Media Used in Evaluations  
Mediums Weight Picture size 
LIBRIe 300 g 6 inch : SVGA 
Σ Book 560 g 7.2 inch : XGA 
Paper 360 g B5 size 

(lengthways) 80 
sheets on board 

 
Table 2: Evaluation Conditions  

 LIBRIe Σ Book Paper 
Number of subjects 6 6 6 

Subjects Male and female students,  
Age: 18-24 

Place Sound-proof room 
Illumination 800 lx (on the desk plane) 
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Table 3: Instructions to Subjects 
Reading styles Direction for subjects 

Horizontal 
Put a medium against the stand on 
the desk. You may initially adjust the 
angle as you like 

Vertical Place a medium flat on the desk.  

Hand-held Hold a medium in your hand 
 

Evaluations Method 
Subjects were requested to answer three evaluation items: 

1. eye fatigue, 
2. body fatigue (except eyes),  
3. readability. 
 
First, subjects were asked to rate the importance of the three 
evaluation items: (1) to (3). Next, the subjects were presented with 
one medium and used it in the three reading styles: A to C. Last, 
subjects were requested to evaluate the effect of the three reading 
styles. 

The score of each subject was calculated by multiplying the 
following two elements: their initial importance rating given to the 
three evaluation items (1) to (3), and evaluated scores of the three 
evaluation items. Final score for each reading condition was 
gained by averaging the scores of each subject. 

All the evaluations were carried out using the method of 
comparing pairs of reading styles. Evaluation result for each 
reading style was calculated using the three sets of comparison 
results. Figure 2 shows the evaluation scale used in all 
comparisons between each pair of evaluation items and each pair 
of reading styles. Names of objects to be evaluated are written at 
the ends of the scale: i.e. the positions of “object 1” and “object 2” 
in Fig. 2.  

9 7 5 3 1 3 5 7 9 
    1: Equal 
    3: Slightly superior 
    5: Fairly superior 
    7: Extremely superior 
    9: Very extremely superior 

 
Figure 2. Scale and indexes used in evaluations 

A typical example of evaluation sequence is as follows.  

Step 1: Rating to Evaluation Items 
Table 4 shows a typical answer provided by a subject and used for 
rating evaluation items. The subject was required to answer only 
three values in the table, the other values were determined from the 
three entered values automatically. Table 4 was then transformed 
into a 3 by 3 matrix, see Fig. 3. Eigenvectors were calculated from 

the matrix. These eigenvectors indicate the subject’s own rating for 
three evaluation items.  

The rating of this subject was thus calculated as follows: [eye 
fatigue, body fatigue, readability] = [0.28, 0.33, 0.39]. This result 
shows that this subject gave most importance to readability. 

Table 4: A Typical Answer  

 Eye Fatigue Body 
fatigue Readability

Eye fatigue (1) 3 (1/7) 
Body fatigue (1/3) (1) 3 
Readability 7 (1/3) (1) 

 

1.00 3.00 0.14 0.28
0.33 1.00 3.00 0.33
7.00 0.33 1.00 0.39

EigenvectorRating matrix for evaluation items  
Figure 3. Calculation of eigenvectors with a 3 by 3 rating matrix for evaluation 
items 

Step 2:  Evaluation of Reading Styles  
Subjects were instructed to read the material in the three reading 
styles, and then compare the three pairs of three reading styles. The 
evaluation process of Fig. 2 was applied to their answer. Table 5 
shows a typical evaluation result for the three reading styles. Table 
5 was transformed into three matrixes; eigenvectors were 
calculated as shown in Fig. 4. 

1.00 5.00 0.11 0.17
0.20 1.00 0.11 0.06
9.00 9.00 1.00 0.77
1.00 3.00 0.20 0.18
0.33 1.00 0.11 0.07
5.00 9.00 1.00 0.75
1.00 5.00 0.14 0.19
0.20 1.00 0.11 0.06
7.00 9.00 1.00 0.75

Evaluation matrix for reading styles Eigenvector  
Figure 4. Calculation of eigenvectors from a 3 by 3 matrix for evaluation of 
reading style  

Step 3: General Evaluation  
The eigenvectors for each evaluation item in each reading style 
were transformed into a 3 by 3matrix. The general evaluation was 
obtained by multiplying this matrix by the rating matrix. For this 
subject, the result of general evaluation is as follows: [vertical, 
horizontal, hand-held] = [0.18, 0.06, 0.75]. This result indicates 
that the hand-held style is the most favored reading style for this 
subject. The same procedure was used for all subjects. 

(Object 1)        (Object 2)
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Table 5: A Typical Evaluation Result for the Three Reading 
Styles  

 Vertical Horizontal Hand-held
Vertical (1) 5 (1/9) 

Horizontal (1/5) (1) (1/9) 

Ey
e 

fa
tig

ue
 

Hand-held 9 9 (1) 

 Vertical Horizontal Hand-held

Vertical (1) 3 (1/5) 

Horizontal (1/3) (1) (1/9) 

Bo
dy

 fa
tig

ue
  

Hand-held 5 9 (1) 

 Vertical Horizontal Hand-held

Vertical (1) 5 (1/7) 
Horizontal (1/5) (1) (1/9) 

R
ea

da
bi

lit
y 

Hand-held 7 9 (1) 
 

0.17 0.18 0.19 0.28 0.18
0.06 0.07 0.06 0.33 0.06
0.77 0.75 0.75 0.39 0.75

RatingMatrix of reading styles General evaluation  
Figure 5. Calculation of general evaluation  

Experimental Results  
Results at the Electronic Books 
Figures 6 and 7 show the evaluation results for the electronic 
books, LIBRIe and Σbook, respectively. Both yielded the same 
tendency, the hand-held” style received the highest scores, while 
“vertical” and “horizontal” styles got quite low scores. 

Results for Paper  
Figure 8 shows the evaluation results for paper. Differences 
between the three reading styles are not as large as is true with the 
electronic books. The hand-held style and the vertical style are 
slightly superior to the horizontal style. 

Discussion 
We have confirmed the advantage of hand-held style in the two 
electronic books examined. This result is reasonable because the 
“hand-held” style is the most popular way for us to read books. It 
indicates why people do not like to read on displays. 

Paper, on the other hand, showed no significant advantage for the 
hand-held style The prominent advantage of hand-held style shown 
at electronic books is reasonable when we consider the viewing 
angle dependence of readability assumed at the electronic books. 
Hand-held style is the most easy style for us to adjust the angle of a 
medium to the best condition to read. The universal readability of 
papers independent to viewing angle is not supposed to request 
fine adjustment of its angle; the advantage of hand-held style may 
not be clear at papers. Thus, we consider that the result at papers 
indicates the next stage of goal for electronic books: universal 
readability independent of reading styles. 
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Figure 6. Evaluation results for LIBRIe 
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Figure 7. Evaluation results for Σbook 
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Figure 8. Evaluation results for paper 

 

We also consider that the light weight and compact shape of the 
two electronic book terminals, which enabled the subjects to use 
the hand-held reading style, greatly improved their general 
attractiveness as a reading medium; this is ascribed to their ability 
to freely alter the viewing angle. 
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Conclusions 
1. We confirmed that the "hand-held" reading style increases 
readability and reduces fatigue levels for the electronic book units 
of LIBRIe and ΣBook. 

2. It is suggested that compact medium design that allows the 
hand-held reading style can improve the readability of electronic 
displays. 

References 
♦  Analytic Hierarchy Process (AHP) has been developed by T.L.Saaty 

(University of Pittsburgh) for a method of decision making to choose 
the best solution among alternatives. AHP method is based on 
comparisons between all possible pairs among all the alternatives. 
Comparisons between several viewpoints for evaluations are the first 
step of the AHP method; ratings for the viewpoints are gotten in this 
step. This step is followed by comparisons between all the alternatives. 
The results of ratings are taken into account for general evaluations at 
the final step. The comparison performed between pair of alternatives is 
considered to bring us accurate sensitivity. 

1. M. Omodani, “Concept of Digital Paper and its Technology Trend”, 
Journal of the Imaging Society of Japan Vol.38, No.2, pp.115-121 
(1999). 

2. M. Omodani, “What is Electronic Paper: The Expectations”, SID 2004 
Digest, pp.128-131 (2004). 

3. K. Masuda, M. Omodani, and Y. Takahashi, “Comparison of human 
processing faculty for same tasks on visual display and hardcopy”, 
Journal of the Imaging Society of Japan Vol.129, pp.159-165 (1999). 

4. M. Koshimizu, D. Tsuda, and K. Baba, “Form Factors required for 
Electronic Paper Media”, IEICE Technical Report Vol.25, No.10, 
pp.19-24 (2001). 

5. K. Sakuragi and M. Omodani, “Contour Mapping of Readability of 
Hardcopies on the Plane of Optical Density: Characters and 
Background –A Guideline for Designing Electronic Paper-”, IS&T’s 
NIP20, pp.369-372 (2004). 

6. M. Kawakami, S. Matsumoto and O. Myodo, “Reasonable Lighting 
Factors for Working Environment in VDT Work Activities”, Journal of 
The Illuminating Engineering of Japan Vol.83, No.5, pp.326-331 
(1999). 

7. S. Okano and M. Omodani, “Study of Readability as a Target of 
Electronic Paper ~Effect of media handling styles on reading tasks~”, 
Japan Hardcopy 2004, pp.193-196 (2004). 

8. S. Okano, M. Omodani, N. Nakata, and M. Maeda, “Study of 
Readability as a Target of Electronic Paper ~Effect of media handling 
styles on reading tasks~”, IEICE Technical Report, pp.13-16 (2005). 

9. M. Omodani, S. Okano, E. Izawa, and A. Sugiyama, “Studies on 
Readability as a Target of Electronic Paper –Current results and 
suppositions brought by reading experiments on displays and papers-”, 
Journal of the Imaging Society of Japan Vol.44, No.2, pp.121-129 
(2005). 

10. K. Kasahara, “The Analytic Hierarchy Process Decision Methodology: 
Evaluation of Continuing Professional Development Point”, Journal of 
IEICE Vol.88, No.3, pp.200-207 (2005). 

11. T. L. Saaty and L. G. Vargas, “Models, Methods, Concepts & 
Applications of the Analytic Hierarchy Process”, Kluwer Academic 
Publishers, pp.1-26 (2001). 

 
Author Biography 
Sho Okano was born in 1982. He received his B.S. degree in 2004 from 
Tokai University. He is expected to receive his M.S. degree from graduate 
school of Tokai University in 2006. He is now engaged in a study of 
Readability as a target of Electronic Paper. 

 

68 Society for Imaging Science and Technology


	33264
	33265
	33266
	33267
	33268
	33269
	33270
	33271
	33272
	33273
	33274
	33275
	33276
	33277
	33278
	33279
	33280
	33281
	33282
	33283
	33284
	33285
	33286
	33287
	33288
	33289
	33290
	33291
	33292
	33293
	33294
	33295
	33296
	33297
	33298
	33299
	33300
	33301
	33302
	33303
	33304
	33305
	33306
	33307
	33308
	33309
	33310
	33311
	33312
	33313
	33314
	33315
	33316
	33317
	33318
	33319
	33320
	33321
	33322
	33323
	33324
	33325
	33326
	33327
	33328
	33329
	33330
	33331
	33332
	33333
	33334
	33335
	33336
	33337
	33338
	33339
	33340
	33341
	33342
	33343
	33344
	33345
	33346
	33347
	33348
	33349
	33350
	33351
	33352
	33353
	33354
	33355
	33356
	33357
	33358
	33359
	33360
	33361
	33362
	33363
	33364
	33365
	33366
	33367
	33368
	33369
	33370
	33371
	33372
	33373
	33374
	33375
	33376
	33377
	33378
	33379
	33380
	33381
	33382
	33383
	33384
	33385
	33386
	33387
	33388
	33389
	33390
	33391
	33392
	33393
	33394
	33395
	33396
	33397
	33398
	33399
	33400
	33401
	33402
	33403
	33404
	33405
	33406
	33407
	33408
	33409
	33410
	33411
	33412
	33413
	33414
	33415
	33416
	33417
	33418
	33419
	33420
	33421
	33422
	33423
	33424
	33425
	33426
	33427
	33428
	33429
	33430
	33431
	33432
	33433
	33434
	33435
	33436
	33437
	33438
	33439
	33440
	33441



