






Figure 16: stimuli of Question A("Tree").

In Table 8 the frequency of one reproduction preferred to another is shown in each cell.

The 50% in the diagonal cells means that when the same reproduction is shown for paired

comparison, either stimuli should be selected 50% of the time, as no difference exists between

the pair of the same stimuli. We assume our data will reflect the observer choice in general.

For example, 48% (2nd column and 1st row) means that 48 % of the time, one stimuli (linear)

was preferred to the other (conventional).
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Table 8: Probability matrix of question A ("Tree"): Which image looks most like the real
painting?

patch k
Conventional Linear Three Four RTI Soft-box Laser

patch j

Conventional 50% 48% 20% 64% 36% 4% 48%
Linear 52% 50% 24% 64% 40% 4% 72%
Three 80% 76% 50% 80% 48% 16% 76%
Four 36% 36% 20% 50% 20% 1% 36%
RTI 64% 60% 52% 80% 50% 24% 68%

Soft-box 96% 96% 84% 99% 76% 50% 96%
Laser 52% 28% 24% 64% 32% 4% 50%

By assuming that the frequency in Table 8 is normal distributed, Table 9 exists to help

find the area of a z – value (or z – score). The interval scale values were calculated as mean

of the z-score values according to Eq. 3 for each system and the final row shows the ranking

order of the compared systems.

Table 9: Z scores matrix of question A ("Tree"): Which image looks most like the real
painting?

patch k
Conv Linear Three Four RTI Soft-box Laser

patch j

Conventional 0.00 -0.05 -0.84 0.36 -0.36 -1.75 -0.05
Linear 0.05 0.00 -0.71 0.36 -0.25 -1.75 0.58
Three 0.84 0.71 0.00 0.84 -0.05 -0.99 0.71
Four -0.36 -0.36 -0.84 0.00 -0.84 -2.33 -0.36
RTI 0.36 0.25 0.05 0.84 0.00 -0.71 0.47

Soft-box 1.75 1.75 0.99 2.33 0.71 0.00 1.75
Laser 0.05 -0.58 -0.71 0.36 -0.47 -1.75 0.00

Interval scale 0.38 0.25 -0.29 0.73 -0.18 -1.33 0.44
Rank 2 2 5 1 5 7 2

The performance of each method is visualized in Fig. 17. The X-axis is the system to

generate the reproductions and the Y-axis is the mean value of the z-score. Systems were

ranked based on the values of interval scale and the confidence interval values. If the interval

scale value was located within the 95% confidence interval values of other systems, then they

were at the same level; otherwise they were ordered by the interval scale value. The greater
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value of the z-score, the better the performance. In Fig. 17, “*” indicates the mean value

of z-score (interval scale value) and the length of bar indicates the confidence interval. For

example, the interval scale value of four light system was located beyond the other systems

perform the best; while the mean values of z-score of laser, conventional and linear systems

were closer to each other and within their confidence interval range, thus they were at the

same degree; while the interval value of conventional soft-box system was much lower than

others and performed the worst.

The four-light system was ranked best by the observers. Surprisingly, the system even

superseded the conventional image captured by the camera. One reason was the color Dual-

RGB approach[29] was used and improved color accuracy. Another reason was that the four

light system enhanced the surface appearance compared with the conventional camera. Also

the results of laser system and linear system were located within 95% confidence interval

relative to the conventional system. In another word, there is no statistical difference among

the conventional, laser and linear systems. The three-light and RTI system performed below

the four-light, conventional, laser and linear systems. For three-light and RTI systems,

observers almost made an even choice. The conventional soft-box system was the least

preferred since it evened out most of the texture information. By comparison, the four-

light system featured more texture details than for the conventional system as shown in Fig.

16. It is possible that our visual system senses such texture thus the four light system was

preferred. For the "Tree" image, the relative ranking interval between the four light system

and the conventional system was relatively large while the intervals between most of the

other systems were fairly small. The result indicated that the four light system did a good

job in preserving the total appearance for texture-rich paintings such as the "Tree" image.
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Figure 17: Systems ranking of question A based on the painting "Tree”. The x-axis is system
name and y-axis is relative ranking value ( * means the mean value of z-score and the length
of bar indicates the confidence interval). The performance of system degrades from left to
right. For example, four system perform the best among those seven systems while the
conventional soft-box system performs the worst.

4.1.2 “Tulip”

The second tested painting was tulip that has more fine details and very sensitive colors

of blue and purple throughout the whole painting. These characteristics are challenges for

imaging systems. The image quality of the reproductions based on different systems were

evaluated in the paired comparison experiment. Similar to the first painting, the six systems

listed in Table 10 were tested except laser system and the the real stimuli are shown in Fig.
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18. From Fig. 18, several stimuli have more fine fussy details than others such as the three

light system. Also a great variation of color rendering can be seen in Fig. 18. Similar to

the previous painting, the image generated by RTI system was darker than all the rest of

reproductions since the RTI system did not color management at all. In addition, the image

of conventional soft-box system looked softer than the others.

Table 10: stimuli of question A : “Tulip”.

No. Type System Tulip

1

Image

Conventional "

2 Conventional soft-box "

3 Three light "

4 Four light "

5 Three light "

6 RTI "

Figure 18: stimuli of Question A(“Tulip”).
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The probability matrix of question A (“Tulip”) is shown in Table 11 and the corresponding

z-scores calculated based on Eq. 3- 5 is shown in Table 12.

Table 11: Probability matrix of question A (“Tulip”): Which image looks most like the real
painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 50% 40% 4% 32% 16% 16%
Linear 60% 50% 24% 60% 40% 32%
Three 96% 76% 50% 92% 48% 60%
Four 68% 40% 8% 50% 16% 28%
RTI 84% 60% 52% 84% 50% 56%

Soft-box 84% 68% 40% 72% 44% 50%

Table 12: Z scores matrix of question A (“Tulip”): Which image looks most like the real
painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 0.00 -0.25 -1.75 -0.47 -0.99 -0.99
Linear 0.25 0.00 -0.71 0.25 -0.25 -0.47
Three 1.75 0.71 0.00 1.41 -0.05 0.25
Four 0.47 -0.25 -1.41 0.00 -0.99 -0.58
RTI 0.99 0.25 0.05 0.99 0.00 0.15

Soft-box 0.99 0.47 -0.25 0.58 -0.15 0.00
Interval scale values 0.74 0.15 -0.68 0.46 -0.41 -0.27

Rank 1 3 6 2 4 4

The final ranking result is shown in Fig. 19. By observing Fig. 19, one can see the

conventional system best reproduced the total appearance of the tulip painting. The fol-

lowing ranking order of other systems was four-light, linear, conventional soft-box, RTI and

three-light system. In Fig. 19, there are significant differences among systems except the

conventional soft-box and RTI systems based on relative ranking values and confidence in-

tervals. Only the value of RTI is located within the scale of the conventional soft-box system

and that is why both two systems do not have obvious differences. By analyzing the order,

one can see four-light system does a much better job than three-light system. The reason
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might be four-light system generates more accurate surface normals than the three-light sys-

tem and reduces more noise of the stimuli. The observers preferred the conventional soft-box

system which has a few texture details or RTI system which often looks darker rather than

very fussy three-light image. The relative ranking value of linear system is located in the

middle among those six techniques.
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Figure 19: Ranking order of Question A (“Tulip”). The performance of system degrades from
left to right.

4.1.3 “Wheat field”

The third tested painting was “Wheat field” that has many brush details having been painted

in the style of artist Van Gogh. The same systems as “Tulip” were evaluated in the paired
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comparison experiment, listed in Table 13. The stimuli are shown in Fig. 20 and a similar

situation happened that the RTI system was darker than all the rest of reproductions and

that the image of conventional soft-box system looked softer than the others. In terms of

this situation, those systems performed very consistently.

Table 13: stimuli of question A : “Wheat field”.

No. Type System Wheat field

1

Image

Conventional "

2 Conventional soft-box "

3 Three light "

4 Four light "

5 Three light "

6 RTI "

Figure 20: stimuli of Question A(“Wheat field”).

The probability matrix of question A (“Wheat field”) is shown in Table 14 and the cor-
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responding z-scores is shown in Table 15.

Table 14: Probability matrix of question A (“Wheat field”): Which image looks most like
the real painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 50% 20% 40% 20% 20% 4%
Linear 80% 50% 84% 60% 40% 12%
Three 60% 16% 50% 56% 40% 8%
Four 80% 40% 44% 50% 32% 8%
RTI 80% 60% 60% 68% 50% 28%

Soft-box 96% 88% 92% 92% 72% 50%

Table 15: Z scores matrix of question A (“Wheat field”): Which image looks most like the
real painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 0.00 -0.84 -0.25 -0.84 -0.84 -1.75
Linear 0.84 0.00 0.99 0.25 -0.25 -1.17
Three 0.25 -0.99 0.00 0.15 -0.25 -1.41
Four 0.84 -0.25 -0.15 0.00 -0.47 -1.41
RTI 0.84 0.25 0.25 0.47 0.00 -0.58

Soft-box 1.75 1.17 1.41 1.41 0.58 0.00
Interval scale values 0.75 -0.11 0.37 0.24 -0.21 -1.05

Rank 1 4 2 2 4 6

The final result is shown in Fig. 21. From Fig. 21, the conventional system performed the

best among those systems and has obvious difference compared with others. The three-light

and four-light system performed equally based on the relative ranking values and their values

are located within 95% confidence interval scales. Following those are the linear and RTI

systems, the conventional soft-box system performed the poorest since it failed to present

the glossy texture contents in the image.
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Figure 21: Ranking order of Question A (“Wheat field”).

4.1.4 Total

Based on the results of the three paintings, the total performance of different systems listed

in Table 16 was evaluated.

Table 16: Stimuli of question A.

No. Type System Tree Tulip Wheat field

1

Image

Conventional " " "

2 Conventional soft-box " " "

3 Three light " " "

4 Four light " " "

5 Three light " " "

6 RTI " " "
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The total probability matrix of question A is shown in Table 17 and the corresponding

z-scores are shown in Table 18.

Table 17: Probability matrix of question A (Total): Which image looks most like the real
painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 50% 36% 21% 39% 24% 8%
Linear 64% 50% 44% 61% 40% 16%
Three 79% 56% 50% 76% 45% 28%
Four 61% 39% 24% 50% 23% 12%
RTI 76% 60% 55% 77% 50% 36%

Soft-box 92% 84% 72% 88% 64% 50%

Table 18: Z scores matrix of question A (Total): Which image looks most like the real
painting?

patch k
Conventional Linear Three Four RTI Soft-box

patch j

Conventional 0.00 -0.36 -0.79 -0.29 -0.71 -1.41
Linear 0.36 0.00 -0.15 0.29 -0.25 -0.99
Three 0.79 0.15 0.00 0.71 -0.12 -0.58
Four 0.29 -0.29 -0.71 0.00 -0.75 -1.16
RTI 0.71 0.25 0.12 0.75 0.00 -0.36

Soft-box 1.41 0.99 0.58 1.16 0.36 0.00
Interval scale values 0.51 0.02 -0.24 0.42 -0.28 -0.89

Rank 1 3 4 1 4 6

The final result is shown in Fig. 22. The performance can be divided to four levels. First

level were conventional system and four-light system, then following was linear system, next

were three-light and RTI system, conventional soft-box system still performed the worst. In

terms of this ranking order, one can safely conclude that conventional system can be replace

by four system. Because there was a statistical difference between two systems based on their

values and 95% confidence interval scales. Four light system generated from images taken

at 45o/0o could produce a rendering at 60o that was equivalent to taking an image at 60o.

Comparing with different levels, each level had significant difference to others. However, the
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performance for individual paintings may vary. For example, three-light system performed

better for “Wheat field” than other two paintings. But in general, the ranking order was very

similar. Considering this section was evaluating the total appearance of the real painting, the

result can be summarize that conventional system and four light system performed better

than linear, three light system, RTI and conventional soft-box system. The linear system

was ranked after the conventional system and four light system that revealed naive observers

were not put off by a lack of spatially varying gloss. The conventional soft-box system

(diffuse lighting) was always the least preferred for total appearance since a lot of texture

details were blurred by the lighting.
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Figure 22: Analysis of Question A (total).
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4.2 Question B: Which image best conveys the painting’s gloss/shini-

ness?

For this section, the painting “Tree” was used to evaluate the performance of the six different

techniques, listed in Table 19. The reason for choosing “Tree” was that this painting had

spatially varying gloss; while the other paintings had uniform gloss. Comparing the stimuli

shown in Fig. 23, there was a large range of observable gloss among the six systems. For

example, it was very hard to discover any gloss in the conventional soft-box system.

Table 19: Stimuli of question B.

No. Type System Tree

1

Image

Conventional "

2 Conventional soft-box "

3 Four light "

4 Linear light "

5 RTI "

6 Laser scan "
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Figure 23: stimuli of Question B (tree).

The probability matrix of question B is shown in Table 20 and the corresponding z-scores

are shown in Table 21. Corresponding to the observation of stimuli, 4% ( the third row, the

seventh column) of the time, conventional soft-box system was chosen compared with the

conventional system.

Table 20: Probability matrix of question B: Which image best conveys the painting’s
gloss/shininess?

patch k
Conventional Linear Four RTI Soft-box Laser

patch j

Conventional 50% 44% 44% 16% 4% 36%
Linear 56% 50% 28% 20% 4% 40%
Four 56% 72% 50% 28% 24% 56%
RTI 84% 80% 72% 50% 24% 84%

Soft-box 96% 96% 76% 76% 50% 92%
Laser 64% 60% 44% 16% 8% 50%
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Based on Table 21 and Fig. 24, one can see linear system performed equally well to the

convention system, followed by laser, four-light, RTI and the conventional soft-box system.

The result makes sense because the linear system and the conventional system can produce

the real specular, while the others can not generate the real specular information. The laser

system and four light system almost located at the same level since they were generated

from same BRDF model for gloss. The laser system performed slightly better than the four

light system; most likely because the specular was affected by adjusting roughness parameter

in order to obtain more details when generating four light system images. RTI performed

weakly in revealing gloss because it was simply using a metallic BRDF model blended with

the actual image. The conventional soft-box system image still performed the poorest since

it looked blurred and lost the appearance of gloss.

Table 21: Z scores matrix of question B: Which image best conveys the painting’s gloss/shini-
ness?

patch k
Conventional Linear Four RTI Soft-box Laser

patch j

Conventional 0.00 -0.15 -0.15 -0.99 -1.75 -0.36
Linear 0.15 0.00 -0.58 -0.84 -1.75 -0.25
Four 0.15 0.58 0.00 -0.58 -0.71 0.15
RTI 0.99 0.84 0.58 0.00 -0.71 0.99

Soft-box 1.75 1.75 0.71 0.71 0.00 1.41
Laser 0.36 0.25 -0.15 -0.99 -1.41 0.00

Interval scale values 0.57 0.55 0.07 -0.45 -1.05 0.32
Rank 1 1 4 5 6 3
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Figure 24: Analysis of Question B.

4.3 Question C: Which image best conveys the painting’s texture?

Texture is another very important characteristic based on results of the survey on digitization

issues of physical properties of paintings. In this part, the images stimuli and surface normal

gray maps were included to compare with each other. The gray maps were included so that

only texture information could be compared with images with color and it was interesting to

see the result. Due to this question was aimed to evaluate texture property, RTIPs system

was used in this section since it was created to avoid the distraction because of the color

of RTI system looked different with the other systems. Also the original RTI images were

included. Furthermore, only four-light, linear and laser scan systems have information of
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surface normal. The three light system was omitted because the three light system shared

similar characteristics as four light systems but generally performed inferior to the four light

system and the result of surface normal data were relatively too noisy. Therefore, the total

systems are listed in Table 22 and the stimuli are shown in Fig. 25.

Table 22: stimuli of question C.

No. Type System Tree

1

Image

Conventional "

2 Four light "

3 Linear "

4 RTI "

5 RTIPS "

6 Laser scan "

7
Surface normal

Four light (surface normal) "

8 Linear (surface normal) "

9 Laser scan (surface normal) "
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Figure 25: stimuli of Question C (tree).

The total probability matrix of Question C is shown in Table 23 and the corresponding

z-scores are shown in Table 24. From Table 23, high probability values were concentrated at

the four light surface normal, the laser scan surface normal and conventional system. The

percentage values of RTIPs system was low relative to the other systems.
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Table 23: Probability matrix of question C: Which image best conveys the painting’s texture?

patch k

Conv Linear Four RTI RTIPs Laser FourN LinearN LaserN

patch

j

Conv 50% 36% 52% 36% 16% 56% 52% 28% 68%

Linear 64% 50% 60% 56% 24% 64% 76% 68% 76%

Four 48% 40% 50% 36% 44% 56% 44% 52% 40%

RTI 64% 44% 64% 50% 36% 64% 76% 28% 52%

RTIPs 84% 76% 56% 64% 50% 72% 76% 44% 56%

Laser 44% 36% 44% 36% 28% 50% 56% 44% 36%

FourN 48% 24% 56% 24% 24% 44% 50% 12% 48%

LinearN 72% 32% 48% 72% 56% 56% 88% 50% 80%

LaserN 32% 24% 60% 48% 44% 64% 52% 20% 50%

Table 24: Z scores matrix of question C: Which image best conveys the painting’s texture?

patch k

Conv Linear Four RTI RTIPs Laser FourN LinearN LaserN

patch

j

Conv 0.00 -0.36 0.05 -0.36 -0.99 0.15 0.05 -0.58 0.47

Linear 0.36 0.00 0.25 0.15 -0.71 0.36 0.71 0.47 0.71

Four -0.05 -0.25 0.00 -0.36 -0.15 0.15 -0.15 0.05 -0.25

RTI 0.36 -0.15 0.36 0.00 -0.36 0.36 0.71 -0.58 0.05

RTIPs 0.99 0.71 0.15 0.36 0.00 0.58 0.71 -0.15 0.15

Laser -0.15 -0.36 -0.15 -0.36 -0.58 0.00 0.15 -0.15 -0.36

FourN -0.05 -0.71 0.15 -0.71 -0.71 -0.15 0.00 -1.17 -0.05

LinearN 0.58 -0.47 -0.05 0.58 0.15 0.15 1.17 0.00 0.84

LaserN -0.47 -0.71 0.25 -0.05 -0.15 0.36 0.05 -0.84 0.00

Interval

scale

values

0.18 -0.26 0.11 -0.08 -0.39 0.22 0.38 -0.33 0.17

Rank 2 7 2 6 7 2 1 7 2

By observing Table 24 and Fig. 26, four-light surface normal stands out from other

systems which means this system generated the best property of texture. Laser, conventional,

laser surface normal and four light image system received the same level of the ranking based

on the relative ranking values. The RTI system ranked as the next lower level and then

linear, linear surface normal and RTIPS systems. It was very interesting that the linear

system performance was not as good as expected. Also the RTIPs system performed the
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poorest because the color looked very different with others and affects the result in some

degree. Although the purpose of RTIP system was to reduce the color offset by RTI, the

corrected color also suppressed the surface texture and did not help in improving the visual

ranking.
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Figure 26: Analysis of Question C.

4.4 Question D: Which image best conveys the painting’s color?

Color is another important factor in evaluating painting appearance[30]. Color was also

evaluated for the five systems that are listed in Table 25 and shown in Fig. 27. It should

be mentioned that the color information of linear system came from the four light system.

The linear system could not generate diffuse albedo. The three system was still omitted
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since it used the same method for reproduce color information to the four light system. The

RTI system was not included because it did not do well in color management and the color

appearance looked very different with the other five systems.

Table 25: stimuli of question D.

No. Type System Tree

1

Image

Conventional "

2 Conventional soft-box "

3 Linear light "

4 Four light "

5 Diffuse "

Figure 27: stimuli of Question D (tree).

The total probability matrix of question D is shown in Table 26 and the corresponding

z-scores are shown in Table 27. From Table 26, the values of percentage do not vary much

probably because they have similar color appearance and the observers had difficulty to
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distinguish with them.

Table 26: Probability matrix of question D: Which image best conveys the painting’s color?

patch k
Conventional Linear Four Soft-box Diffuse

patch j

Conventional 50% 52% 44% 28% 24%
Linear 48% 50% 52% 36% 32%
Four 56% 48% 50% 32% 24%

Soft-box 72% 64% 68% 50% 40%
Diffuse 76% 68% 76% 60% 50%

Table 27: Z scores matrix of question D: Which image best conveys the painting’s color?

patch k
Conventional Linear Four Soft-box Diffuse

patch j

Conventional 0.00 0.05 -0.15 -0.58 -0.71
Linear -0.05 0.00 0.05 -0.36 -0.47
Four 0.15 -0.05 0.00 -0.47 -0.71

Soft-box 0.58 0.36 0.47 0.00 -0.25
Diffuse 0.71 0.47 0.71 0.25 0.00

Interval scale values 0.28 0.17 0.21 -0.23 -0.43
Rank 1 1 1 4 4

By observing Table 27 and Fig. 28, the conventional, four light and linear systems

performed the best. It turned out the method of the linear system and four light system used

to recover color diffuse did great job and the color could be equivalent to the conventional

system. The conventional soft-box and diffuse system performed worse than the other three

systems. The reason might be the results were affected by some other characteristics, such

as texture or gloss since the choice might still be affected by the total appearance although

the question was targeted for color appearance.
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Figure 28: Analysis of Question D.

5 Conclusions and Future

The performances of the different systems were evaluated based on four questions and exe-

cuted by the naive observers (composed of color science students and imaging science stu-

dents). For total appearance, conventional system, four-light system and laser system (only

based on tree) performed the best, then following is linear system, next are three-light and

RTI system, conventional soft-box system performed the worst. From the experimental re-

sults, one can conclude that conventional system can be replaced by four systems or laser

system since there is no obvious discrimination among those three systems based on their

52



relative ranking values and 95% confidence interval scale. Though the performance for indi-

vidual paintings may vary, the result can be summarized that conventional system, four-light

and laser system perform better than linear, three, RTI and conventional soft-box system.

For glossy paintings, linear system performs equally well as convention system, then laser,

next is four-light, following is RTI and the last is conventional soft-box system. The result

makes sense because the linear system and laser system can produce the real specular data,

while the others cannot generate the real specular information. For texture-rich artwork,

four-light system stands out from other systems which means this system generates the best

property of texture; in comparison, laser, conventional, laser surface normal and four light

image system perform similarly. The RTI system ranked as the next lower level and then

the left three are linear, linear surface normal and RTIPS systems. Certain inaccurate color

representation affects the result of the RTI systems. For color, conventional, four and linear

system perform the best and they are located at the same level. Conventional soft-box and

diffuse system performs worse than the other three systems. The reason might be the results

are affected by some other characteristics, such as texture or gloss.

In the future, the psychophysical experiment can be conducted by the professionals such

as museum conservators who have more knowledge about the total appearance of paintings.
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