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bstract. To overcome shortcomings of digital images or to repro-
uce traditional film grains, some photographers add noise to digital

mage. In an effort to find a factor of preferable noise, the authors
nalyzed how a professional photographer introduces noise into
lack-and-white images and found two characteristics: (1) There is
ore noise in midtones than in highlights and shadows and (2) his-

ograms in highlights are skewed toward shadows, and vice versa,
hile almost symmetrical in midtones. The authors also found that
y approximating the symmetrical histograms by a Gaussian distri-
ution and skewed ones by a chi-squared distribution, the noise
ould be reproduced to an extent that well satisfies the professional.
omparison of professional’s noise to film grain showed that they
ave the following in common: (1) more noise in midtones but
lmost none in brightest and darkest region and (2) asymmetrical
istograms in highlights and shadows. The authors think that

hese characteristics might be candidates for “good” noise” that
llows simulation of traditional film photography. © 2011 Society for
maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.3.030503�

NTRODUCTION
igital imaging technology has enabled us to acquire

mooth and almost grain-free images. Even in this age of
ourishing digital imagery, however, some people prefer and
hoose to use the conventional analog photographic process.
ne of the reasons is supposedly that the analog image is

uperior to a digital image in tonal quality. In fact, because
urrent common digital image formats have only 8 bits (256
one levels) in each channel, careless image processing some-
imes leads to artifacts such as banding in smoothly
ransitioning areas or enhanced noise. Although raw data
enerated by digital single-lens cameras and advanced point-
nd-shoot cameras have more bit depth than what the JPEG
ormat allows and have become a more common choice, not
ll photographers shoot only in raw format, presumably be-
ause of its large file size or required time and effort of
ostcapture processing to produce. A second reason may be

he rich texture found in analog photographs.1 It is said,
ronically, that this richness is owing to the film grain, which
as been thought to degrade image quality. In order to over-
ome such shortcomings of digital imagery or to simulate
lm grain for aesthetic purposes, some photographers at-
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. Imaging Sci. Technol. 030503-
empt to add noise (grain) to the digital image in their
orkflow of image processing.1–3

Another form of “graining” of images is the application
f film grain to video/movie images.4–6 The aim of such
esearch is to synthesize the original film grain that has been
emoved to improve the efficiency of encoding and trans-

ission of the video signal and to restore the natural appear-
nce of the video sequence.

Although numerous attempts have been devoted to re-
oving digital camera noise or grain of silver halide film to

mprove image quality, there are some implications that
oise in an image can have a positive effect on digital image
uality. For example, Johnson and Fairchild asked human
bservers to evaluate the sharpness of photographic prints,
hanging various image quality attributes: resolution, sharp-
ning, contrast, and noise.7 They found that, as an interest-
ng result, an appropriate amount of noise increased the per-
eived sharpness. In other work, they investigated adaptation
o image noise, extending the concept of adaptation.8 Noisy
mages on a noisy background were presented to human
bservers, and the elevation of the threshold for noise vis-

bility was measured. They found an increase in observers’
ontrast detection threshold after adaptation and suggested
hat such adaptation to noise could enhance the salience of
mage content while minimizing the perception of artifacts.
ashibuchi et al. examined whether noise addition could

mprove the quality of digital photographic prints.9 Observ-
rs were asked which of a series of black-and-white images
ith various noise levels was most preferable. They con-

luded that certain kinds of subjects were preferred when
oise was introduced, and the effect was mainly the en-
ancement of subjects’ texture. We think that this is one
xample of enhancement of image content by noise sug-
ested by Fairchild and Johnson.8

Even though it is of interest to find a parameter of noise
hat gives a favorable effect or improves image quality, it is
ifficult to determine such a parameter from literally innu-
erable combinations of noise attributes―level, histogram,

ower spectrum, or chromatic/luminance. Thus, in this ar-
icle, we refer to the way a professional photographer, who is
enerally thought to create good imagery, introduces noise
o a digital image. We think that trying to characterize such
oise will provide another strategy to deal with noise in
igital imagery.
We first analyze how the professional photographer

May-Jun. 20111
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dds noise to digital images, and next examine whether this
oise can be reproduced in order to make sure that the
haracteristics found in the analysis is the essence of profes-
ional’s noise. The professional photographer’s noise is com-
ared to the grain of traditional black-and-white silver ha-

ide prints.

NALYSIS OF PROFESSIONAL’S NOISE
ethod
total of 36 black-and-white images, whose subjects in-

luded portrait, landscape, and still life, were created by
unitoshi Yabe, a professional photographer, who is also an

mage editing expert and deals with other photographers’
ork. Some examples of his photographs are displayed in
igure 1. All the images were provided as Adobe Photoshop
les whose color space is Adobe RGB with 8 bits/channel.
he image size ranged from 4.1 to 6.8 Mpixels and was 6.2
pixels on average.

To demonstrate the effect of the noise, enlarged por-
ions of a landscape image (08.psd) without noise and one
ith noise are shown in Figure 2. After noise addition, the
anding and digital camera noise in the sky became less
oticeable due to the masking nature of the noise. Using the
ame landscape image as in Fig. 2, Yabe argued, in a book in
hich he explains how to use photoshop skills (not limited

o noise addition) to improve digital images, that adding
oise could restore details in blown highlights and improve

he perceived (not physical) resolution.10 He also claimed
hat this technique was beneficial for reducing JPEG-
ompression artifacts and blur due to interpolation, espe-
ially in the case of a relatively small (file size) image.

Figure 3 is a typical example of layer arrangement in the
hotoshop files. The layer at the bottom of the stack is the
riginal image (in color). Color noise is applied to the origi-

igure 2. A Landscape image �left� and magnified view of its portion
ithout Yabe’s noise �middle� and that with the noise �right�.

igure 1. Some examples of images created by Kunitoshi Yabe, a pro-
essional photographer. Subjects include portrait �left four images�, land-
cape �middle�, and still life �right�. �Images are courtesy of Kunitoshi
abe.�
al in the next four layers; this added noise is the main focus a

. Imaging Sci. Technol. 030503-
f our study. By altering the opacity and “Blend If” options
f the layers (top of Figure 4), the professional photographer
djusts the noise. Three layers on top of the layer stack con-
rol the hue, saturation, lightness, or tone of the image. In

igure 4. Blend If option of photoshop �top� and its effect on noise char-
cteristics. Although leaving Blend If option default applies noise to the
ntire tonal range �middle�, Yabe can change this option to achieve the
esired effect �bottom�.

igure 3. A typical example of layer arrangement in the photoshop files.
he layer at the bottom is an original color image. The four layers on top
f it add and control noise. Top three layers convert the color image into
lack and white. Remaining layers control tone and color.
ddition, some images have layers that locally alter (dodge or

May-Jun. 20112
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urn) the image. Finally, the top three layers convert the
olor image into black and white, controlling the overall
onality of the image.

Interestingly, each of the four noise addition layers plays
somewhat different role. At the bottom right of Fig. 4 are

he histograms measured from shadow, midtone, and high-
ight (from top to bottom row), with each of the four noise
ddition layers cumulatively turned on (from left to right).

hereas enabling noise addition layer (a) applies noise only
o shadow areas, layer (b) mainly affects midtone, leaving
oise in shadow area almost intact. Similarly, further turning
n layer (c) adds noise to the highlights slightly, and layer
d) increases exclusively the highlight noise level. This effect
an be realized by the control by Yabe of the Blend If op-
ions: While leaving the option default (untouched) applies
oise to the entire tonal range (bottom left of Fig. 4) even
hen only layer (a) is enabled, altering it affects the histo-
ram of the noise and the tonal range to which the noise is
ntroduced (bottom right). In this way, he is leveraging the
exibility of digital image processing to achieve his goal.

To find a trend, we categorized the images according to
ubject (portrait, landscape, and still life). We also classified
hem into three categories according to the mean brightness
f the whole image after black-and-white conversion. Tonal
anges of R ,G ,B=0–255 were divided into three equal in-
ervals, and if the mean pixel value of an image, L, was in the
arkest interval (i.e., 0�L�85), the image was classified as
“low-key” image. Similarly, if 85�L�170, the image was

lassified as a “middle-key” image and if 170�L�255, it
elonged to a “high-key” image. As a result, images were

Figure 5. Measured amount of the noise for portr
right represents middle-key images, and bottom rep
lassified into a total of nine categories. s

. Imaging Sci. Technol. 030503-
To characterize the noise, we made a grayscale image
nd asked Yabe to insert it into the original images. The gray
cale consisted of 21 steps, which was 300�145 pixels in
ize and divided the tonal range of 0–255 into 20 almost
qual intervals. The amount of noise, defined as the standard
eviation of pixel values within each step, was measured

rom each channel of the gray scale with only the original
mage layer and noise addition layers turned on, i.e., the
unction of noise addition layers was investigated. Histo-
rams of the noise were measured in the same way.

esults and Discussion
igures 5–7 show the amount of noise measured for each
ubject. Each one is further classified according to the “key”
f the image. As all channels had almost equal amount of
oise, values for the G channel are shown here.

None of the graphs are completely flat, which means
hat the amount of noise depends on the pixel value of the
ixel to which the noise is added. Although some curves

ook similar to each other, there is a variety in the shape of
he curves, presumably because of image-dependent adjust-

ent by Yabe. All the graphs, however, seem to have more
oise in midtones than in highlights and shadows. Generally,

n highlights (pixel value of 0–36) and shadows (207–255),
he amount of noise gradually decreases toward the ends of
he tonal range. Additionally, in most cases, the amount is
lmost zero at pixel values of 0 and 255.

Histograms are also dependent on pixel values. Figure 8
resents one representative example of the histograms mea-
ured from 21 steps of the gray scale in image 20.psd. The

es. Top left panel represents low-key images, top
high-key images.
ait imag
resents
ame as for the noise amount, the result for the G channel is

May-Jun. 20113
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hown here. Histograms corresponding to the midtones
middle seven and left three panels in the bottom row) have

sharp and almost symmetrical shape. In the shadow re-
ions (top seven panels), on the other hand, they are skewed

Figure 6. Measured amount

Figure 7. Measured amou
oward highlight levels and appear more skewed as the aver-

. Imaging Sci. Technol. 030503-
ge pixel value gets smaller. Histograms corresponding to
ighlights, in the contrary, are skewed toward shadow levels
right four panels in the bottom row), and the skew become

ore obvious as the average pixel value becomes larger. This

noise for landscape images.

e noise for still life images.
of the
May-Jun. 20114
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haracteristic is common to all the images, although some
istograms do not have smooth shapes.

Different appearances of noise owing to histogram dif-
erence are demonstrated in Figure 9. The noise in the image
n the left has a symmetrical histogram (Gaussian distribu-
ion; shown in lower left), while the one on the right, cut
rom the third lightest step of the scale in Yabe’s image
20.psd), has an asymmetrical histogram. Although both
oise distributions have the same mean pixel value of about
30 and the same amount (standard deviation) of about 5.7,
e see more dark pixels in the right image than in the left
ne. Similarly, when professional’s noise, which also has an
symmetrical histogram, occurs in shadow regions and is
ompared with noise that has a symmetrical histogram, we
ill see more white pixels in professional’s noise. The noise

reated by Yabe is obviously different from, for example, the
oise obtained by applying the photoshop “Noise” com-
and, whose amount and histogram are constant over the

ntire tonal range, independent of the gray level of the pixel

igure 9. Difference in the appearance of noise due to difference in
istogram. The upper image appears to have more dark pixels than the
ower one, although both have the same noise amount and mean pixel
alue.

Figure 8. Histograms measured from 21 steps of th
about their peaks in midtones. In highlights, they ar
o which the noise is added. a

. Imaging Sci. Technol. 030503-
EPRODUCTION OF PROFESSIONAL’S NOISE
o confirm that the characteristics described above are the
ssential features of Yabe’s noise, we tried to simulate it. If we
ould, we think that it will contribute to the aesthetic aspect
f photography and be a good starting point for photogra-
hers who want grains in their digital images.

ethod
e tried to reproduce professional’s noise or the function of

oise addition layers described in the previous section. Noise
as added to each pixel of the original color images as chro-
atic noise using a computer program. This program ap-

roximates a symmetrical histogram with a Gaussian distri-
ution, which has a symmetrical bell shape. On the other
and, a skewed histogram is substituted by a chi-squared
robability distribution, which is characterized by its asym-
etrical shape. The degree of skew of the chi-squared dis-

ribution can be controlled by its degree of freedom (DOF),
hich is a natural number. Examples of histograms based on

he chi-squared distribution are shown in Figure 10. As the
OF becomes larger, the histogram of the distribution ap-
ears less skewed. The amount of noise is controlled by
hanging standard deviation of the distribution.

The initial noise amount was set as the average value for
ach category. For the histogram shape, DOFs were visually
etermined for each image and the average values for each
ubject were used. Since the measured noise is almost equal
n each channel, we used the same parameters for each of the
, G, and B channels.

The images to which the simulated noise had been
dded by the program were then inserted into each original
hotoshop file with only color/tone control and black-and-
hite conversion layers (Fig. 3) applied to convert to black

igure 10. Chi-squared probability distributions with various DOFs. From
op left to bottom right, DOF=1, 4, 7, 10, 13, and 16. The smaller the
OF, the more skewed the distribution.

in an image �20.psd�. They are almost symmetrical
ed toward shadow, and vice versa.
e scale
e skew
nd white. We presented the reproduced black-and-white

May-Jun. 20115
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mages to the professional, who served as an arbiter of the
esthetic quality of the images, and asked to score them on a
cale of 1–100 points. If they were not satisfactory to him,
he parameters were revised according to his advice and the
rocess was repeated.

esults and Discussion
fter a few iterations, we obtained parameters that were

ound to be satisfactory to Yabe. Figure 11 shows the result
f noise amount, and Table I shows the histogram shape
haracteristics.

These parameters acquired 80–100 out of 100 points in
abe’s judging. Especially for 12 out of 17 still life images,
he result was scored 100 points and the professional said
hat there were “no problems at all” in the simulated image.

e think that this result gives photographers the possibility
f automatically applying noise by classifying images accord-

ng to subject and average brightness.
An interesting result is that when DOFs for the land-

cape image were substituted for those for the portrait image
ut the noise amount was kept constant, the score was much

ower. This indicates that DOF, or histogram shape, also
lays an important role in professional’s noise. On the other
and, taking into consideration the fact that a variety of
raphs of noise amount could be approximated by one for
ach category, we think that there is some latitude in the
mount of noise. We also think that three curves for each
ubject category might be represented by one curve, thus
esulting in one set of noise amount curves and DOFs for
ach subject.

OMPARISON OF PROFESSIONAL’S NOISE TO THE
RAIN OF ANALOG PHOTOGRAPHY
ethod

ince Yabe said that he added noise to digital images so that
it looked like the grain of black-and-white silver halide
hotographs,” we measured the characteristics of the grain
f analog photograph and compared it to his noise in terms
f the amount and histogram of noise. We photographed a
ray cardboard with a black-and-white film (Kodak Tri-X),
lightly defocusing so as not to capture its texture. Compen-
ating for the exposure from �1.5 to +4.0 stops in 0.5 stop
ncrements, we made 12 exposures. The film was developed
n a Kodak HC-110 developer for 3 min and 45 s at 20 °C,
hich is one of the combinations recommended by the
anufacturer. The developed film was then printed on a Fuji

pher, Yabe; G in the table stands for Gaussian distribution and numbers stands for the
nd rounded values are used.

l to which the noise was added

179 191 204 217 229 242 255

G G G G 14 7 1

14 12 10 7 4 2 1

G G G 10 6 2 1
igure 11. Parameters for the noise amount found to be satisfactory to
he professional photographer. Top left panel represents portrait images,
op right represents landscape images, and bottom represents still life
able I. Parameters for histogram shape found to be satisfactory to the professional photogra
OF of chi-squared distribution. For pixel values not shown in this table, linearly interpolated a

Subject

Gray level of the pixe

0 13 26 38 51 64 76–166

Portrait 1 4 14 G G G G

Landscape 1 3 6 10 14 G G

Still life 1 2 4 6 10 14 G
May-Jun. 20116
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ujibro™ WP FM3 paper with 12� magnification under
onstant exposure condition for all the shots. The paper was
eveloped in an Ilford Multigrade Paper Developer for 1
in and 30 s at 20 °C, which is also a standard procedure.

The prints were then converted to digital data using a
canner (Canon CanoScan D1250U2) at 2400 dpi in
rayscale mode with automatic functions turned off. After
he conversion, the scanned images were converted to Adobe
GB color space and resized to 2000�3000=6 Mpixels us-

ng photoshop to make them comparable to professional’s
hotographs. Finally, the amount of noise (again, defined as

he standard deviation of pixel values) and histograms were
easured from an area of 369�369 pixels. Since the noise
easured in the analysis section was in color, the amount

nd histograms of Yabe’s noise after the black-and-white
onversion were measured for one of the images (20.psd) for
omparison here.

esults and Discussion
igure 12 plots the amount of noise obtained from the
lack-and-white prints against the average pixel value of the
rea. It is found that the granularity of analog black-and-
hite print depends on the average pixel value and has a

imple mountain shape with a maximum value of 20. This

igure 13. An example of the amount of professional’s noise after black-
nd-white conversion �20.psd�.

igure 12. Amount of analog black-and-white print noise depends on the
verage pixel value and reaches the maximum at pixel value of 121 and
radually decreases toward the pixel values of 10 and 255.
orresponds to the fact that, when viewing a silver halide s

. Imaging Sci. Technol. 030503-
lack-and-white photograph, we see more grains in
idtones than in highlights and shadows.

Figure 13 shows that the amount of professional’s noise,
ven after the black-and-white conversion, depends on the
alue of pixel to which the noise is added. There is more
oise in midtones, but the noise decreases to zero toward the
ixel values of 0 and 255.

As the grain of an analog photograph depends on the
hoice of film, developer, and developing time, we cannot
ompare these two kinds of noise quantitatively. Qualita-
ively, however, two attributes can be found: (1) There is

ore noise in midtone than in highlights and shadows and
2) noise approaches zero in the brightest highlights and
eepest shadows, gradually decreasing in highlight and
hadow regions.

Figure 14 shows that the histograms obtained from the
nalog prints have both symmetrical and asymmetrical
hapes. Two of the histograms in darker midtone (top right
wo images) have almost symmetrical shapes. On the other
and, the histograms corresponding to shadow are skewed

oward highlight and those corresponding to highlight are
kewed toward shadow.

Figure 15 shows Yabe’s noise after the black-and-white
onversion maintains symmetrical and skewed histograms
nd the direction of skew found in Fig. 8. Although the
ange with symmetrical histograms is different in the two
inds of noise, they have the following in common: (1) sym-
etric histograms in midtones and (2) direction of skewed

istograms in highlight and shadow regions.
These results can be explained theoretically by the re-

ults of research on silver halide photographic materials.11

he Siedentopf relationship states that the image noise level
, as measured by mean square fluctuation in density, is
ependent on the image density and for monosized grains is

inearly proportional to the image density.11 The noise
mount as measured by the standard deviation or root mean
quare of gray level thus is proportional to square root of
mage density. Noise measured from the analog photo-
raphic print (Fig. 12), however, does not appear to corre-

igure 14. Histograms of analog black-and-white print noise. Two of
hem are almost symmetrical about the peaks �two images on the top
ight�. In lighter region, the histograms are skewed toward shadow, while
n darker region, they are skewed toward highlight.
pond to this expectation, which is attributed to the sigmoid

May-Jun. 20117
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ature of the paper’s characteristic curve: The linear potion,
hich is the steepest in the curve and corresponds to
idtone in the final print, amplifies noise, whereas the pla-

eau compresses and greatly reduces the noise amount. The
op panel of Figure 16 shows the slope, or the first derivative
f paper characteristic curve, which also indicates the (rela-
ive) amount of final noise. The almost symmetrical

ountain-shaped curve is in good agreement with the mea-
ured one (Fig. 12).

Dainty and Shaw showed that image fluctuation, or
oise histogram, follows a Gaussian distribution.11 Based on

Figure 15. Histograms of Yabe’s noise aft

igure 16. Schematic diagrams of film grain transfer to print noise. Film
rain histogram is amplified by the slope of paper characteristic curve in
idtone while severely compressed by the plateau of the curve in the
ighlight and shadow. The toe and shoulder of the curve skew the
aussian-distribution-shaped film grain histogram �top�. First derivative of
aper characteristic curve gives the degree of the amplification, which
orresponds to �relative� amount of noise �bottom�.
his result, we can explain the skewed/symmetrical histo-

. Imaging Sci. Technol. 030503-
ram shape: Linear portion of the characteristic curve does
ot affect its symmetrical shape, while as the slope of non-

inear portion of the curve becomes milder, the histogram
ecomes more compressed (Fig. 16, bottom). As a conse-
uence, print noise histograms in midtone have symmetrical
hapes and histograms in highlight become skewed toward
hadow, and vice versa.

ONCLUSIONS
e have examined image noise that Yabe, a professional

hotographer, adds to improve the quality of digital image
nd found two noteworthy characteristics: (1) There is more
oise in midtone, while the noise decreases to nearly zero in
ighlight and shadow area; and (2) histograms are symmet-
ic shaped in midtones, while in highlights, they are skewed
oward shadow, and vice versa. To confirm that these are the
ssential characteristics of his noise, we tried to reproduce
he noise on the original images and asked the professional
o evaluate them. We first classified the images provided by
abe into nine categories according to the subject and overall
rightness of the image. By approximating the symmetrical
istograms with a Gaussian distribution and the asymmetri-
al ones with a chi-squared distribution, and by setting pa-
ameters for each category, we could reproduce Yabe’s noise
o an extent he was well satisfied.

As Yabe said that he added noise so that it looked like
he grain of gelatin silver prints, we compared experimen-
ally the two types of noise in terms of the amount and
istogram shape and found two common attributes: (1)
ore noise in midtone and less in highlight and shadow and

2) asymmetric histograms in highlights and shadows along
ith the direction of skew. This signal dependency of noise

evel and histogram shape is also confirmed from the results
f silver halide photographic research.

Although qualitative, these are the attributes recognized
y Yabe, a professional photographer, in the grain of silver
alide photographs, which have been accepted widely and

or a long time. We consider that these attributes are also
hat the professional anticipated would contribute to the
uality improvement of a digital image, and therefore might
e one condition of “good” or preferable noise from an
esthetic point of view.
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