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ABSTRACT

Electronic cameras using a single CCD detector acquire scene color by subsampling in three, color planes and subsequently
interpolating the information to reconsiruct three, full-resolution color planes. The nature and size of the interpolation errors are
a function of the algorithm used. When interpolation errors are propagated through the rest of the imaging chain, it becomes
evident that synergistic effects among image processing operations must be considered when selecting and tuning an
interpolation algorithm. This presentation demonstrates and comments on these image processing interactions.

1. INTRODUCTION

1.1. Spectral image capture

In a photographic imaging system three planes of color information are captured simultaneously. Each cyan, magenta, and
yellow layer contains the full spatial content for the associated spectral band. Creating a strictly analogous CCD imaging
system presents a number of challenges. To simulate photography's simultaneous capture of three planes ofcolor information
would require three separate imaging detectors. The current cost and packaging considerations that accompany a three-detector
system make this approach impractical for all but the most extreme situations. The cost per CCD is high and the necessity of
dividing the incident light among multiple detectors reduces the overall signal-to-noise of the system in a significant way.

1.2. Bayer color filter array

The solution is to use a single CCD and to cover its surface with a filter mosaic called a color filter array, or CFA. Each filter
in the CFA covers a single pixel and passes only a specific spectral band.
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Figure 1. Bayer CFA Pattern. Figure 2. Example Pixel Neighborhood

The CFA illusirated in Fig. 1 is called the Bayer pattern. Each pixel is covered with a filter that transmits either red, green, or
blue light. Working with this particular CFA will be the topic of this paper.

1.3. Interpolation overview

The problem with a single sensor Bayer CFA system is that eh pixel produces information about only one of the three
spectral bands. For each pixel two colors are "missing". Before any further image processing can occur, estimates of the
missing color information for eh pixel must be made. These estimates are usually made by interpolating neighboring pixel
values. In Fig. 2, a red pixel is flanked on either side by green pixels. One could estimate the missing green value, G2, by
taking the average of the flanking pixels as given in Equation 1.

G2=G3 (1)

The interpolation problem is more complex than this example may suggest Localized spatial features such as edges can cause
estimates made with forms of Equation 1 to be quite insecurate. This can lead to significant pixel artifacts in the final image.
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The general approach to impmving interpolation estimates is to consider larger pixel neighborhoods andmore complicated
estimators. Additionally, one can employ adaptive algorithms that select a preferred estimator based on the spatial features
present in the neighborhood. Finally, one cannot be content with performing the interpolation in isolation of the rest of the
imaging chain. Certain types of residual errors of the interpolation process may be amplified significantly by subsequent image
processing steps. Therefore, it becomes important to view any interpolation algorithm within the context of the entire imaging
chain.

2. IMAGE PROCESSING CHAIN

2.1. Image capture

This paper will consider an electronic still camera system. This type of system has significant differences with video camera
systems that will have fundamental impacts on the interpolation pmcess. These effects will be discussed in detail in Sections 3
and 4. Figure 3 is a schematic of the image capture portion of the image chain that will be assumed.
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Figure 3. Schematic of Image Capture Portion of Imaging Chain Figure 6. Schematic of Subsequent
Imaging Processing Chain

The taking lens forms an image of the scene on the CCD. An anti-aliasing filter is inserted into the chain to prevent aliasing in
the image due to the discrete spatial sampling nature of the CCD. The CFA will be assumed to be a Bayer pattern as illustrated
in Fig. 1.

2.2. Interpolation

The image coming from the CCD will have the obvious effects of the CFA pattern. Figure 4 is a portion of an image capwred
with a system like the one in Fig. 3. The goal of the interpolation step will be to take the data represented in Fig. 4 and
produce a full, three-color image like in Fig. 5.

2.3. Subsequent processing

Once the image has been interpolated, further processing is necessary to produce a final image. Figure 6 is a schematic of the
remaining image processing chain. The image in FIg. 5 is typically desaturated due to being in the color space of the CCD and
image capture optics (lens, anti-aliasing filter, and CFA). The first step after interpolation is to correct the color. The next step
is to map the tone scale of the image for proper rendering on the final display device (i.e., CRT or printer). The fmal step isto
sharpened the image to compensate for the effects of the anti-aliasing filter and other sources of blur. Figure 7 might be a
typical result.

It is clear from comparing Figs. 5and 7 that it is important to evaluate the results of the interpolation routine by looking at
the fmal image of the entire image processing chain. Slight differences in adjacent pixels in Fig. 5are highlighted and
magnified in Fig. 7. For this reason, all the image processing algorithms explored below will be evaluated from the viewpoint
of the final system image.

3. LINEAR EXPOSURE SPACE INTERPOLATION

3A. Reference image and pixel neighborhood

Figure Sa is a digitiZed image that has been processed with our electronic imaging chain with the exception of the CFA and
interpolation steps. (Since this image was scanned from a photographic original, all three color values for each pixel are
known.) This will be our reference image. Note that this will be a difficult image to interpolate well because the vertical
columns of the skyscraper are ata small angle to the CCD pixel grid. Figure 8b is a typical pixel neighborhood taken from
near the center of the skyscraper. It is important to remember that Fig. 8b is only a typical neighborhood and notentirely
representative of the range of possible pixel neighborhoods. It is best to evaluate any interpolation routine by considering entire
images and many images.
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3.2 Nearest neighbor rep1icaticM

A common interpolation technique used in applications where speed is of the essence is replication of nearest neighbors.'
Referring to Fig. 9, we can define the replication schemes in Equations 2 and 3.
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Figure 9. Reference Pixel Neighborhood

G5=G4 (2)
B5=B1 (3)

The remaining replication schemes can be defmed using the same rule: move either one pixel to the left, one pixel up, or both
one pixel to the left and one pixel up to get the required color value. The pixel code values are in terms of linear exposure
space. Figure 10 is the result of using this approach. It can be seen that significant color errors occur throughout the
neighborhood. In a video imaging application many of these problems would be "averaged away" in the several times a second
refresh process. In a still imaging system the errors would be unacceptable.

3.3. Bilinear interpolation

The next approach is the use of bilinear interpolation.2 Again, if the procedures are very simple then this scheme can be
implemented to run quickly. Referring to Fig. 9, the following estimators can be defmed.

G5=G2+G46+G8 (4)
.4

B5=BB34l+B9 (5)

B2=13 (6)

B4=7 (7)

Variable substitution in Equations 4 through 7 produce all the remaining estimators. Equations 4 and 5 could be simplified to
be only two point averages. For example, one could use just 04 and 06 to predict 05. Figure 11 is the result of this
processing. The overall color and artifact errors are less extreme, but new pixel artifacts (the so-called "zipper effect") have been
introduced into the neighborhood. Again, in a video application much of this may not be visible due to motion blur between
video frames. In a still imaging application this would still not be acceptable.

3.4. Smooth hue iransition interpolation

The key objection of the pixel artifacts in Figs. 10 and 1 1 is that the hues of adjacent pixels change abruptly and in an
unnatural manner. The Bayer CFA pattern can be thought of as consisting of a luminance channel (the relatively numerous
green pixels) and a chrominance channel (the relatively sparse red and blue pixels). A scheme can be created that interpolates
these channels differently. The luminance channel can be interpolated as before (Equation 4). The chrominance channel can be
interpolated by imposing a smooth transition in hue from pixel to pixel.3 To do this, a blue "hue value" is defmed as in
Equation 8. A red "hue value" would be analogously defined.

(8)
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Referring to Fig. 9, new blue estimators can be defined.

B2=2i.1+) (9)2 .G1 G3)
B4=2±iPi+Pfl (10)

2 tG1 G7)
G5(B1 B3 B7 B9'\B5=—i —+—+—+— I (11)
4 G1 G3 G7 G9)

It is assumed that the luminance channel interpolation has aireadybeen performed so that all the green pixel values are defined.
Similar estimators would be used for estimating red pixel values. Figure 12 was created using this approach. Again, an
improvement has been made. The colors of the pixel artifacts have been desaturated significantly. In general, desaturating a
pixel artifact will make it less objectionable in the final image.

4. LOGARITHMIC EXPOSURE SPACE INTERPOLATION

4.L Smooth hue transition interpolation

Until now we have worked with pixel data in linear exposure space. There are advantages in interpolation work if the pixel data
is transformed into logarithmic exposure space first.3 Instead of Equation 8, one can now define the "hue value" as in Equation
12.

B—G (12)

Note that B and G are now logarithmic exposure values. Following the idea of Equations 9 through 1 1, one can define
Equations 13 through 15. Corresponding predictors for red are similar.

B2 =G2+ B!—G1+B3 —G3
(13)

B4 = G4 +
B1 — G1 —G7

(14)

B1—G1+B3-G3+B7-G7+B9-G9B5=G5+
4

(15)

Note that Equations 13 through 15 are not exact mathematical transfonns of Equations 9 through 1 1. Figure 13 is the result of
using Equations 13 through 15. Note that luminance interpolation is still being done with Equation 4 in linear exposure space.
Figure 12 and Fig. 13 are nearly identical. The biggest difference was in the creation of these images. Equations 13 through 15
are far more computationally efficient and can be easily implemented using integer arithmetic and binary shifts. As a result, it
takes less time to generate a Fig. 13 than a Fig. 12.

4.2. Adaptive algorithms

The main type of artifact in Fig. 13 is "zipper". This occurs because the luminance interpolation is averaging neighboring
pixels indiscriminately. Referring to Fig. 9, there are a number of different ways to predict the missing pixel value 05 using
some or all of the pixels (02, 04, 06, G8}. If the interpolation algorithm can detect local spatial features present in the pixel
neighborhood, then it can make effective choices as to which predictor to use for that neighborhood. The result is a reduction or
elimination of "zipper-type" artifacts.

4.2.1. Edge sensing interpolation

One can create three different predictors for the missing green value G5. These are given in Equations 16 through 18. (Equation
18 is identical to Equation 4.)
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G5H=G46 (16)

G5V=28 (17)

G5A_G2+G46+G8 18

To decide which of these predictors is appropriate for a given pixel neighborhood, we calculate the following two classifiers:

MI =1G4 — G61 (19)

AV=1G2-G81 (20)

Finally, we define a threshold value, T. Equations 19 and 20 are the simplest ways of sensing if there is some kind of edge in
the pixel neighborhood. The adaptive luminance interpolation algorithm can now be expressed in Fig. 14. Note that luminance
interpolation still occurs in linear exposure space.

Figure 15 shows the result of combining the adaptive luminance interpolation of Fig. 14 with the logarithmic smooth hue
chrominance interpolation ofEquations 13 through 15. Figure 15 exhibits far less "zipper" in the neighborhood. This approach
is sensitive to the chosen threshold value. Figure 16 was created with the same processing used to create Fig. 15 except that the
value of the threshold was optimized for the neighborhood. It can be seen that the number of pixel artifacts has been reduced
even more. Figure 16 represents a limit of sorts: reducing the threshold even more begins to increase the number of pixel
artifacts again. It should be noted that different neighborhoods will have different optimum threshold values.

4.2.2. Pattern recognition interpolation

The edge sensing algorithm of the previous section can be generalized into a general pattern recognition approach to luminance
interpolation. David Cok of Eastman Kodak Company has described such an approach.5 Referring to Fig. 9, the pixel values of
(G2, 04,06, G8) can form four patterns (plus their rotations). These are diagrammed in Fig. 17.

H L H H
H H H H H L L L

L
(b) (c) (d)

Figure 17. The Four Luminance Pixel Patterns

H refers to a pixel with a code value greater than the average of all four pixels in the neighborhood. L refers to a pixelwith a
code value less than the average of all four pixels in. the neighborhood. For convenience, Figs. 17a and 17d are called edge

4

G5=G5H

Figure 14. Adaptive Luminance Interpolation Algorithm

L
(a)

L L

148 ISPIE Vol. 2416



GfrL I 9LfrZ !°A Id5 

•AuEdw03 PP)I UUflS3 ')j03 .Q '9c6'co9'' °N 2Ud S•fl t •prj '!Pm!H 'jE O 'MEzO N 'SSI'9IL't °N U2d S.fl 1 

SH3N3dL L 

oido S2 JO I"JW'J 'P '°J '°N 3J0 R '2u!pS rnAN PU 'piqq uoqo 'UO1jTU1E UIOf 'UOAOqUOMnO3 S2flO(J 'jO3 piA uIp O O pjflOM JOqum oqj 

9 

•pmq o2Pw! n '° PP!suo swqJo2j oqi n jo sq qi uuojid ci swoos uoodiiui uuiunq o qooidd Uo!!u2o31 uioxI y sojue ioad sonpi Apoi uojodiui 2usus opo odipr si nq wuiis(s ussj 
01 djq swtpiio2j uopsu.u nq noows siou ixid uoiju2is ptm sio.u nq ouisis o onp suoojdd 2ui2uii 

Ills .IoJ W.nbpmI! oq O irdd uojodiu iujq oidws pirn uoodoi joxid s ipns sunppo2j 2uiZiwi oop dj •wscs JUJ3 jUS :,!UOIIOOp uoA!2 jo xuo u poEsoAu uoq Aq soupnoi uojothui vo jo .iqumu 

SNOISITI3NOD S 

ffWAO :isq otp oq 02 SWOS O !d 'SIJflS3I UllflUO uojodiui SflO!AOJd oip o pdwo 
uqM inq 'pooqioqq2iu Jo smd ui soju jqd 2u!uwo1 ouios js m ioui pjOqSOltfl OAI!SUS pooqioqq2u 

2U!WJOpJO poou oq noq ponpo.i pimju2!s uq oAq pooqioqqu tp ui spjim ioxid ui uojothoui ooimuiwnj 
02 qooidd UOfl!UO3J uiond sq 2usn jo Mns1 tfl SI O OJ2!d ZZ uonb ui psn uo qi o jonupi s uonounj 

dqo OU1 pimw SjX!d oqi jo O1A oq Si ,S pirn 'ri Pu £IHM riu sioxid qi jo uptu oq si p ' uonb tq 

(:z) . (1s' 
— vz)diid = 

•Ez; uormnb3 ui UDAI2 si pooq.ioqq2iu 
Sflfl 0J ioiopoid qj 61 !d UI pOqU3Sp Si pooqioqqu sui,j pooqioqq2iou pomuo u ssn osj u.iod .iuio, ou,j 

•D ° 30S S! 2! '3 "'P SSI Si UO!:I3.op JI 'a cxi os S! 2! 'a un J2goJ2 si uopopid qi ji w Jo 
Uop!n3!o tn wo.IJ SfljA jxid ipio ui ptm oiq ' pim SOfljA oip uoq oij oi uoz,ipoid qi sumnsuo 

uo!loUnJ dip ui .11X4. PPLU spxid Jo O.IAE Ifl Si S pilE PPU1 sjxid jo upow qi si ' uoinb uj 

(zz) (S — iiiz;) d!,a = ç 
•zz uo!2mb w UAI2 Si SI(fl iOJ 'LL 

"Ud 1U103 61 o.1n2!d U1cI d!.US 81 1fl!d 

x xx [x 'ii Ix 0 xI 
H I'iI 0 0 

HIIxI [x 0 x] 
L 

•pooq1oqqou iomj sqi soqiiosop 8! 1fl!d (s.ioA si .io sioxd oflJA-q2Iq jo ooq1oqqu in sjoxid OflA-MOj 
JO odujs q pjnoo q/,j 0m2!d) n2qum uo.ioqui otfl AjOSO1 o popou s pooqioqq2iu pxid io2mi uiowxl odpis ii 

(it) {SD'90't7D'W}uv!paw iv =co 

3 ptm SflA !ox!djo O2JOA 2uiwn3 uqi puu 
"O1 'iso2mj xu tp si '(ge '90 ' 'cj} 2uouig pxid s2mj Si V ItIM 'U < 3 < <V mp Os STIA ixid 

2upio jui q pjnoj St UOW 'u. psn Si uo!wnb3 'uiuEd o2po oq io joxid uo jUUO3 2mssiw 
'D JOJ 1013!POJd UO 51! SI IU1Wd Ipe 1I1UO3 ! L1 !d P U1flEd d!iis Si qj iij 'suid 



3. U.S. Patent No. 4,642,678, D. Cok, Eastman Kodak Company.
4. U.S. Patent Application No. 85,520, R. Hibbard, Eastman Kodak Company.
5. U.S. Patent No. 4,630,307, D. Cok, Eastman Kodak Company.

150 /SPIE Vol. 2416



Figure 15. Adaptive
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Figure 7. Portion
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Figure 16. Adapuve
Luminance Image,

Low Threshold

SPIE VoL 2416/151

Figure 4. Portion of Figure 5. Poilion
a Raw CCD Image of Interpolated

Image

Figure Sa,
Reference Image

Figure Sb. Figure 10. Pixel
Reference Image Replication Image
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Smooth Hue Image

Figure 20. Pattern
Recognition Image


