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ABSTRACT

This paper proposes a simulator that analyzes the color
mixing process in large display units based on human
color vision.

The authors have previously proposed calculation
model for the color mixing process. With this model,
we can calculate the viewing distance at which humans
distinguish the pixel structure, but the model does not
give us the appearance of any particular image.
Therefore, the proposed simulator enables us to
understand how mixed colors are perceived without
actually manufacturing a large display unit. It also
supplies the output of the resulting image.

First, the simulator makes test samples that reproduce
the pixel structure. Next, the spatial frequency
characteristics of each of the R, G and B pixel dots on
the display surface are calculated. Thirdly, the visual
characteristics in the spatial-frequency domain for each
color are realized as a transfer function of a low pass
filter, where the viewing distance is used as a parameter.
Fourthly, in the spatial-frequency domain, the display
surface characteristics are multiplied with the
characteristics of human vision for each color. Finally,
the  simulator converts the  spatial-frequency
characteristics to the spatial characteristics, and
composes the appearance of each color to show the
resulting color mixing image.

Using this simulator, we tried to produce the appearance
of images at the different viewing distances. As a result,
we found that the longer the viewing distance becomes,
the less recognizable are the pixel dots and they look to
have a more uniform, mixed color. These results agree
qualitatively with the appearance of images on the
screens of actual large display units and prove the
validity of our simulator.

INTRODUCTION

A large display unit clearly shows the rows and lines of
pixels and their structure when viewed from nearby,
which prevents the displayed images from appearing
with their colors evenly mixed. In order to discuss this
inconvenience in visual perception, the authors have
previously reported a calculation model that considers
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the characteristics of the display surface and human
vision. This model treats the color mixing in images
shown on display units as a phenomenon in which
repeated patterns of pixel arrays are influenced by the
visual characteristics in proportion to the viewing
distance from the display surface. With this model, we
can calculate the viewing distance at which humans do
not recognize the pixel structure. However the model
does not give us the appearance of any particular image
and does not support easy understanding of the color
mixing results.

Therefore, this paper proposes a simulator that can
output how the image appears based on this calculation
model.

First, a color mixture model based on the visual
characteristics and how to realize the model in
simulation programs are discussed in the second section.
Next, to verify the validity of the proposed simulator,
some simulation results are shown and discussed.

COLOR MIXTURE MODEL
A calculation model of color mixing

The authors have previously proposed a modulation
transfer function (MTF) model of the assimilation
phenomenon based on visual characteristics (Nonaka et
al. 2005). This is a model based on the spatial frequency
response concerning luminance, and corresponds to
Area II shown in Figure 1 (Hase et al. 1993).

In this area, patterns are identified which react to the
contrast of luminance in the presented samples. When
discussing the assimilation phenomena of brightness
and interference impressions caused by the pixel
structures of display units, this area is one of contention.
On the other hand, the color mixing phenomenon is
based on the human characteristics of color vision. The
phenomenon is influenced by the spatial frequency
response  concerning chrominance signals, and
corresponds to Area I in Figure 1.

This section describes the proposal of a color mixing
simulator on the basis of these relationships.

First, an outlines of the calculation model and the
simulator are discribed. Next, the spatial-frequency
characteristics of human color vision are expressed.
Thirdly, the color mixing process of R-G stripes is
interpreted by using the color mixing model.
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Figure 1. Relationship between appearance of color
images and human visual characteristics

Figure 2 shows the proposed calculation model of a
color mixture on the basis of these relationships
(Nonaka et al. 2006). This model is based on human
color vision.
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Figure 2. Proposed model of the color mixture based on
human color vision.

The proposed model treats the juxtaposed color mixture
as follows; the color signals of the sample image
attenuate because of color vision, and the attenuated
signals overlap each other. In this paper, the
characteristics of the color signals are named Si, and the
characteristics of human color vision are named V. This
model treats the color mixing in images shown on
display units as a phenomenon in which repeated
patterns of pixel arrays are influenced by the visual
characteristics in proportion to the viewing distance
from the display surface.

With this model, we can calculate the viewing distance
at which humans do not recognize the pixel structure.
However, the model does not give us the appearance of
any particular image.

With this in mind, this study has created a simulator that
can supply an output of how the image appears based
on this calculation model.

Analytical simulator of color mixing process

Figure 3 shows the relationship between the calculation
model and the processing flows of the proposed
simulator.

Figure 4 shows the software configuration of the
proposed simulator.

Human vision

Display surface

Perceived image

So(x.y)

=

Spatial
domain

w o

Tx

--- 'ﬁ'ZD-IFFT' --

Spatial-
frequency
domain

Figure 3. Processing flows of the proposed simulator
based on the calculation model for color mixing

First, the simulator makes test samples that reproduce
the pixel structure. Next, the spatial frequency
characteristics of each of the R, G and B pixel dots on
the display surface are calculated by two-dimensional
fast Fourier transform (2D-FFT). Thirdly, the visual
characteristics in the spatial-frequency domain for each
color of R, G and B are realized as a transfer function of
a low pass filter, where the viewing distance is used as a
parameter. Fourthly, in the spatial-frequency domain,
the display surface characteristics are multiplied with
characteristics of human vision for each color of R, G
and B. Finally, the simulator converts the spatial-
frequency characteristics to the spatial characteristics by
two-dimensional inverse Fourier transform (2D-IFFT),
and composes the appearance of each color to show the
resulting color mixing image.
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Figure 4. Software configration of the proposed
simulator



Modeling human color vision

The characteristics of human color vision are
considered here as spatial frequency responses to color.
There have been experimental reports that the shape of
the contrast sensitivity function of human color vision is
a band pass filter (Cavonius and Estevez, 1975).
However, the focus of this discussion is the attenuating
behavior of power spectrum densities of the display
surfaces  influenced by the high frequency
characteristics of human color vision.

Therefore, the spatial frequency responses of color
vision are expressed in this paper as V (V) with the
following Butterworth LPF.

V(V)=71 . ()

Here, v [cycle/degree] is the frequency of the color
pattern on the display surface according to the viewing
angle. The order parameter £ controls an attenuation
slope of the LPF, and the reasonable choice for human
vision is 1 (Hase et al. 1993).

Also, ¢ [cycle/degree] means the cutoff frequency of
each color when the amplitude becomes half of the
original. In this paper, the &, Vg, and Vg, of red, green,
and blue, i.e. the primary colors of light, are given the
following values with reference to Kurahashi’s report
(Kurahashi 1986).

vV, =50
v, =838 (2)
vy =24

The original spatial frequency Vv [cycles/degree] of color
vision is converted by using the frequency of the
display surface f [cycle/m] and the viewing distance D
[m] into as follows (Hase et al. 1993):

1 (3)
(zm)
2tan” | ——
2/D

Where, the viewing distance D [m] means the distance
between the sample image and the observer. It is used
as a parameter in this formula.

Therefore, Formula 1 can be expressed as follows:

V=

1 (3)
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Figure 5 shows simulation examples of the output graph
of V (f, D) for R, G, and B when the viewing distance D
is 5 m.
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Figure 5. Examples of simulation results of human color
vision V (f, D = 5) in the spatial-frequency domain

Figure 6 shows the output graph of the proposed
simulator for green only, using the viewing distances D
of 1, 2, 5 and 10 m. When the viewing distance is
longer, the characteristics of visual LPF work better.
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Figure 6. Examples of simulation results of human color
vision with the viewing distance D as parameters (the
color is green).

Interpretation of color mixing phenomenon by the
proposed model

The spread of color signals in the spatial domain
attenuated by the influence of the LPF of color vision
was calculated using this proposal. Therefore, the area
where the attenuated signals overlap each other is
interpreted as mixed color.

The behavior of the signal is obtained as a
multiplication of the Fourier coefficients Si (f) of the
signal on the sample surface and the visual
characteristics ¥ (f) in the spatial-frequency domain.
The shape of the waves of the perceived color signals in
the spatial domain are calculated by 2D-IFFT of Si (f) x
V (f, D), So (f, D). This signal seems to indicate the
juxtaposed mixture of colors. The simulator realizes the
calculation by using 2D-IFFT for image processing.
Figure 7 shows how the signal behaves under the
influence of human visual characteristics. The



appearance when the red signal mixes with the green
signal and looks yellow is also shown in Figure 7.
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Figures 7. The behavior of color signals in human color
vision in the spatial domain.

When the viewing distance is longer, the waveform of
the color signal is broader in the spatial domain. It was
assumed that both the original signals of red and green
overlapped with each other.

These results show that the apparent yellow area
increases according to the viewing distance.

VERIFICATION OF PROPOSAL

In order to verify the proposed model, some simulation
results are discussed here. Using this simulator, we tried
to produce the appearance of images at the viewing
distances D of 5 m and 25 m for test samples of R and B
stripes with the width of the color pixel dots being 10
pixels of 2.8 mm and the dot periods being 20 pixels of
5.6 mm. Figure 8 shows the resulting images.

For the distance of 5 m, the produced image was
identified as having both R and B colors viewed in their
primary colors. At the distance of 25 m, the striped
pattern became less recognizable, and the entire image
looked to be magenta.

This demonstrates that the longer the viewing distance
becomes, the less recognizable are the patterns of R, G
and B color by the pixel array and they look to have a
more uniform, mixed color. The results of the
simulation agree qualitatively with the appearance of
images on the screens of actual large display units. We
believe that the above results prove the validity of our
suggested simulator.

(a) Original test image (b) Output image of simulation
Figure 8 Output images as simulation results

CONCLUSIONS

This paper has proposed an analytical simulator for the
color mixing process by considering human color vision.
The simulator is based on a proposed calculation model
that treats a color mixture as color signals of a sample
image which attenuate and overlap with each other in
human color vision.

First, the characteristics of the display surfaces were
calculated in this simulator by 2D-FFT, Si (f). Secondly,
the characteristics of human color vision, V' (f,D), were
approximated by the Butterworth LPF. Thirdly, a
relational model of human vision and the appearance of
the display surface, So (f,D) was expressed as
multiplication of Si (f) and V (f,D). Finally, the resulting
appearances of the color mixture were calculated by
2D-IFFT.

As an example, the appearance when R mixes with G
and looks yellow was interpreted as being the longer the
viewing distance becomes, the broader the waveforms
of R and G are in the spatial domain. In other words, the
apparent yellow area increases according to the viewing
distance.

Additionally, we tried to produce the appearance of
color mixtures at various viewing distances by using
this simulator. The results showed that the longer the
viewing distance becomes, the less recognizable are the
pixel dots of R, G and B and they look to have a more
uniform, mixed color.

These results agree qualitatively with the appearance of
images on the screens of actual large display units and
prove the validity of our suggested simulator.

REFERENCES

Cavonius C. R. and O. Estevez. 1975. “Contrast Sensitivity of
Indivisual Colour Mechanisms of Human Vision”, Journal
of Physiology, 248, 649-662.

Kurahashi K. 1986. “Visual Color Shifts in Spatial Array of
Three Primary Colors”, Journal of the Institute of
Television Engineers of Japan, Vol. 40, No. 5, 392-397 (in
Japanese).

Hase T., N. Shiramatsu, and S. Tomita. 1993. “Effects on the
Mosaic Pixel Structure on Display Images”, Journal of the
Institute of Television Engineers of Japan, Vol. 47, No. 3,
356-363 (in Japanese).

Nonaka, T., M. Matsuda and T. Hase. 2005. “Modulation
Transfer Function Model of Assimilation Phenomenon
Based on Visual Characteristics”, Proceeding Book of AIC
05 (May), 983-986.



Nonaka T., M. Matsuda and T. Hase. 2006. “Additive Color
Mixing Model Based on Human Color Vision for Bayer-
type Pixel Structures”, Proceeding book of ISCE 2006
(June), 98-99.

AUTHOR BIOGRAPHIES

Takako Nonaka was born in 1975 in Osaka, Japan.
She received her BS, MS and Ph.D. degrees from the
Kyoto Institute of Technology, Japan in 1998, 2000 and
2004. She engaged in research on modeling the sensory
evaluation for 2D design as a visiting researcher of
Tomas Bata University in Zlin, the Czech Republic
from April to September 2004. She was a postdoctoral
research fellow of High Technology Research Center at
Ryukoku University from October 2004 to March 2006.
She has been a postdoctoral research fellow of the
Research Center for Information Communication
Systems at Ryukoku University since May 2006.

Morimasa Matsuda was born in 1964 in Hyogo, Japan.
He received a B.S. degree from Kinki University, Japan,
in Electronics Engineering in 1987. In 1987 he joined
the Television Technology Division of the Kyoto
Works of Mitsubishi  Electric =~ Microcomputer
Application Software Co. Ltd.

Tomohiro Hase was born in 1953 in Gifu, Japan. He
received a B.S. degree from Fukui University, and M.S.
and Ph.D. degrees from Shizuoka University, Japan. All
degrees were in Electronics Engineering, and were
received in 1977, 1979 and 1995 respectively. In 1979,
he joined Mitsubishi Electric Corporation, and engaged
in research into signal processing for audio visual
equipment and microprocessor applications. He has
been a professor of the Faculty of Science and
Technology of Ryukoku University since 2000




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


