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Summary

 The fundamental requirement of optimal aperture calculations is that diffraction and 
defocus blurs be interchangeable — that they make equivalent contributions to total blur.  
Examples are shown in which images that contain exclusively diffraction blur are 
indistinguishable from images that contain mostly defocus blur.  However, the conditions under 
which equivalence is obtained imply that the formulas previously used for blur calculation are 
approximate.  Experimental determination of equivalence suggests that the effective diffraction 
blur circle may be as little as 60% of the size customarily assumed.  Smaller diffraction blur 
means smaller optimal aperture, in some cases more by than one f-stop.  That results in a 
corresponding increase in depth of field at optimal aperture.  If the goal of optimal aperture 
calculation is to minimize blur of an object at a known distance from the plane of focus, the 
effect of this correction may be minor — the decreased defocus blur obtained by having a 
smaller optimal aperture is partially offset by the attendant increase in diffraction blur.  However, 
if the goal is to maximize depth of field, or to determine hyperfocal distance, while controlling 
total blur to a specific value, the effect of the diffraction blur correction may be important.

1.  Introduction
 In the previous paper in this series,1 I described a theory of optimal aperture.  The theory 
is founded on the premise that defocus blur, cd, and diffraction blur, ca, can be combined to  
according to the equation:

     ct = cd
2 + ca

2
     1

where ct is total blur. From Eq. 1, it follows that different combinations of defocus and 
diffraction will yield the same amount of total blur — in other words, different combinations are 
equivalent.  Or, to put it another way, to be practically useful, the theory requires that x microns 
of diffraction blur and x microns of defocus blur have equivalent effects on image sharpness.  
Blur equivalence can be tested experimentally.  The purpose of this paper is to determine 
conditions under which it is obtained.  A consequence is that it will be possible to estimate 
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diffraction blur empirically.  That, in turn, will make it possible to calculate optimal aperture and 
depth of field limits with greater accuracy.
 The theory behind calculation of defocus blur is well established.  I will use the following 
“standard” formula, which I assume to be accurate:

    
cd ( f ) =

f (v − vf )
Nvf

=
f ∂vf
Nvf      2

where v is the distance behind the lens of the image of the plane of focus, vf is the distance 
behind the lens of the image of a background object, ƒ is focal length, and N is f-number.  Except 
in the case of view cameras, v and vf must be calculated from object distances, u and uf, using the 
standard lens equation:

     

1
f
= 1
u
+ 1
v

Diffraction blur is given by the following equation:

     
ca =

2.44αλN
k      3

where N is aperture, λ is wavelength, k is a scaling factor used to account for the fact that it is 
customary to express wavelength and blur in different units,2 and α is the diffraction blur 
coefficient.  The equivalence of defocus and diffraction blurs depends on the value of the 
diffraction blur coefficient — therefore,a primary goal of this paper is to estimate its value.  If α 
= 1.0, Eq. 3 gives the diameter of the central bright disk of the Airy diffraction pattern, out to the 
first minimum.  It is universal practice in the photographic literature to calculate diffraction by 
Eq. 3, but leaving out the factor “α”.  However, I am unaware of any rigorous empirical 
verification that such estimates are actually “good” in typical photographic applications.
 It is entirely possible that the particular estimate of the diffraction blur coefficient 
reported here will apply only to the camera that I am using for these tests.  It is even possible that  
the coefficient could vary with aperture, if the shape or smoothness of the aperture opening 
changes with f-stop.  However, the general methods and calculations should be applicable to any 
camera + lens combination.
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2.  Materials and Methods
 2.1.  Equipment
 I used a Sigma DP3 Merrill — a camera that is noted for its exceptional pixel-level image 
quality, and which is, therefore, well-suited to the types of tests presented here.  The image 
quality results from the fact that the sensor does not have a Bayer color filter array or an anti-
aliasing filter.  Thus, images do not require color interpolation, are free from Bayer artifacts, and 
do not have the intentional blurring produced by a low-pass filter.  The camera has an APS-C 
sensor and a fixed 50 mm lens (75 mm equivalent).  The aperture range is f/2.8 to f/16.  One-
third f-stop increments are possible, but all images discussed here were made at one stop 
intervals.  The lens is optically excellent, another factor that contributes to the image quality.  In 
previous tests (unpublished), I observed maximum center sharpness at f/2.8.  The fact that 
images have excellent center sharpness at f/2.8 means that uncorrected lens aberrations will not 
affect the image comparisons presented here.  The camera was fitted with a Really Right Stuff L-
plate and mounted on a sturdy tripod.
 Distances were measured to the nearest millimeter with a Leica Disto D5 laser distance 
meter.  Leica claims an accuracy of ± 1.5 mm.  The Disto was mounted on the same tripod as the 
camera (using a bar), and distances were measured from the lens entrance pupil — previously 
determined as the no-parallax-point.

 2.2.  The Set-Up and Focusing Procedure
 Tests were conducted indoors under artificial light in order to minimize extraneous 
image-to-image variation.  The camera was positioned exactly 2.000 m from a wooden cutting 
board that served as the “background”.  A small piece of black-on-white text and a small WhiBal 
card were attached to the lower edge of cutting board.  The focus target was printed text on the 
reverse side of a 15 x 9 cm WhiBal card.  The card was placed at a pre-determined distance in 
front of the the board and slightly off-center so that the board occupied the central part of the 
image.  The WhiBal card was mounted on a tripod by means of rail with millimeter markings.  
That made it possible to adjust its position quickly and accurately.  The images of the 
background board and its attached text will be used to evaluate blur.  The set-up is shown in Fig. 
1.
 Preliminary testing indicated that the camera autofocus function was not sufficiently 
accurate for these tests.  Therefore, manual focus was used.  Even so, some test images were not 
perfectly focused, and had to be discarded from the analysis (see next section).  A ten-second 
shutter delay was used for all images.
 
 2.3.  Images
 This test was designed to compare “reference” images, that had only diffraction blur, to a 
series of “test” images in which most, of the blur was contributed by defocus.  “Reference” 
images were made at f/8, f/11, and f/16 by focusing the camera directly on the background 
cutting board.  All blur in the reference images was due to diffraction.  Test images were made by 
focusing on the WhiBal card with the camera set at f/2.8.  For each reference-image aperture, a 
series of test images was made by changing the distance of the focusing target from the cutting 
board.  In the test images, blur on the background cutting board is due to defocus plus a small 
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diffraction contribution from the f/2.8 aperture.  The test images were evaluated to find the one 
in which blur on the background was most similar to that of the reference image — in other 
words, to find the test image in which defocus + diffraction blur was equivalent to the diffraction 
blur of the reference image.  That image indicates the best estimate for the true value of α. 

Fig. 1.  Test set-up.  The top panel is an entire test image.  Bottom left shows camera and laser distance 
meter mounted on a tripod.  Bottom right is a close-up of the background and focusing target.
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For each test series, blur was evaluated using the wood grain of the cutting board, and the text 
attached to the lower edge of the board — the same images were used for both assessments.  A 
summary of the several test series and backgrounds used for blur comparison is given in Table 1.

Table 1.  Summary of Blur Equivalence Test SeriesTable 1.  Summary of Blur Equivalence Test SeriesTable 1.  Summary of Blur Equivalence Test SeriesTable 1.  Summary of Blur Equivalence Test SeriesTable 1.  Summary of Blur Equivalence Test Series

Test Series Reference Image 
Aperture

Test Image Aperture Evaluation “Surface”Evaluation “Surface”Test Series Reference Image 
Aperture

Test Image Aperture

Wood Text

1 f/16 f/2.8 ✓ ✓

2 f/11 f/2.8 ✓ ✓

3 f/8 f/2.8 ✓ ✓

 It is important to understand that the only differences among the test images within a 
series is the focus distance (position of the WhiBal focus target) and the resulting defocus blur in 
the image of the cutting board.  All test images have the same diffraction blur because all are 
taken at the same aperture.  Preliminary testing indicated that the likely value of α was less than 
1.0.  Therefore, positions for the WhiBal card were calculated for values of α ranging from 0.4 to 
0.8 (Table 2; a sample calculation is given in Appendix 1).  Each image was examined for proper 
focus.  For images in a test series taken at f/2.8, we expect the text on the reverse of the WhiBal 
focus target to be maximally sharp.  Also, defocus of the background cutting board image should 
increase consistently as the focus target is moved closer to the camera.  A small number of test 
images had to be discarded due to poor focus.

 2.4.  Image Processing and Evaluation Workflow
 Raw image files (X3F) were opened in Iridient Developer 2.3.4.3  Image sharpening 
was disabled.4  The only adjustments were to white balance and exposure, if necessary.  Images 
were converted to 16-bit TIFF files.  For each experimental series, the images were opened in 
Photoshop CS6, where they were arranged as layers in a single Photoshop document.  Additional 
color and exposure corrections were made in Photoshop as necessary to remove any remaining 
distracting differences among images.  The test image layers were offset vertically from the 
reference image layers so that identical central parts of a test image and a reference image could 
be viewed adjacent to each other (above and below, respectively).  The resulting “split” images 
were used for evaluation of blur equivalence, and are presented here.
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Table 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test SeriesTable 2.  Focus Target Distance as a Function of Diffraction Blur Coefficient for Each Test Series

Diffraction 
Blur 

Coefficient, 
α

Test Series (see Table 1)Test Series (see Table 1)Test Series (see Table 1)Test Series (see Table 1)Test Series (see Table 1)Test Series (see Table 1)
Diffraction 

Blur 
Coefficient, 

α

11 22 33Diffraction 
Blur 

Coefficient, 
α Target 

Distance, 
mm

Total Blur on 
Background, 

µm

Target 
Distance, 

mm

Total Blur on 
Background, 

µm

Target 
Distance, 

mm

Total Blur on 
Background, 

µm

0.40 1,964 8.59 1,975 5.90 1,983 4.29

0.45 1,959 9.66 1,972 6.64 - -

0.50 1,955 10.74 1,969 7.38 1,978 5.37

0.55 1,951 11.81 1,966 8.12 - -

0.60 1,946 12.88 1,963 8.86 1,974 6.44

0.65 1,942 13.96 1,960 9.60 - -

0.70 1,937 15.03 1,957 10.33 1,970 7.52

0.75 - - 1,954 11.07 - -

0.80 - - 1,951 11.81 1,965 8.59

3.  Results
 Results are presented as a large number of cropped-image samples that are shown at 
“actual-pixel” resolution.  In order to have some idea of the scope for defocus blur in each series, 
I show a comparison of the reference image to an f/2.8 “control” image that is also focused on 
the cutting board.  I also show comparisons in which (1) the test image is noticeably blurrier than 
the reference image (α is too large), (2) the test image is sharper than the reference image (α is 
too small), and (3) comparisons in which the test and reference images are most similar (best 
estimate of α).  The reader should note that conclusions about relative sharpness are likely to be 
subjective.  Also,viewing conditions, and display quality and calibration, etc. can potentially 
affect comparisons.
 For test series 1, the evaluation images are shown in-line with the text.  For the remaining 
test series, the evaluation images are shown in Appendices 2 and 3.  In all cases, the bottom half 
of each split image comparison is the reference image, and the top half is a test or control image.  
The original width (in pixels) is noted for each image.  That makes it possible, by adjusting 
document size, to view each image at “actual-pixel” magnification (i.e., 100%).
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Fig. 2, Part 1.  Test series 1.  Top panel: comparison of f/16 reference image to f/2.8 test image for α = 
0.4.  Bottom panel: comparison of f/16 reference image to f/2.8 control image focused on the background 
cutting board.  The lower half of each panel is the f/16 reference image.
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Fig. 2, Part 2.  Test series 1.  Top panel: comparison of reference image to test image for α = 0.7.  Bottom 
panel: comparison of reference image to test image for α = 0.65.  The lower half of each panel is the f/16 
reference image.
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Fig. 3, Part 1.  Test series 1.  Top panel: comparison of reference image to test image for α = 0.55.  
Bottom panel: comparison of f/16 reference image to f/2.8 control image.  The lower half of each panel is 
the f/16 reference image.
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Fig. 3, Part 2.  Test series 1.  Top panel: comparison of reference image to test image for α = 0.7.  Bottom 
panel: comparison of reference image to test image for α = 0.65.  The lower half of each panel is the f/16 
reference image.
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 3.1.  Test Series 1 — Reference Aperture f/16, Test Aperture f/2.8
 3.1.1.  Wood.  The comparison between the f/16 reference and f/2.8 control images shows 
that diffraction blur is considerable at f/16, and that there is much scope for defocus to produce 
blur equivalence (Fig. 2, Part 1, bottom panel).  The test image for α = 0.4 is sharper than the 
reference image (Fig. 2, Part 1, top panel), as was the test image for α = 0.55 (not shown).  The 
test image for α = 0.7 is noticeably less sharp than the reference (Fig. 2, Part 2, top panel).  
Among the test images that were not discarded because of incorrect focus, the one for α = 0.65 is 
a good match for the reference image (Fig. 2, Part 2, bottom panel).  I will take 0.65 as the best 
estimate of α in this series, when evaluated on the wood grain.  In any event, the other test 
images indicate that 0.55 < α < 0.70.
 3.1.2.  Text.  The results for evaluation of text blur are essentially the same as for wood 
grain (Fig. 3, Parts 1 and 2), although in this case the test image for α = 0.65 is arguably slightly 
blurrier than the reference image, suggesting that the best estimate of the diffraction blur 
coefficient is 0.55 < α < 0.65.

 3.2.  Test Series 2 – Reference Aperture f/11, Test Aperture f/2.8
 3.2.1.  Wood.  Please refer to Appendix 2 for the figures.  The test image for α = 0.5 is 
sharper than the reference (Fig. 4, Part 1, top panel).  The test image for α = 0.6 is the best match 
to the reference image, although it is arguably slightly less sharp (Fig. 4, Part 2, bottom panel).  
On the other hand, the test image for α = 0.55 is sharper than the reference (not shown).  The best 
estimate for the diffraction blur coefficient in this case is 0.55 < α < 0.60.
 3.2.2.  Text.  The best match between reference and test image is obtained for α = 0.5 
(Fig. 5, Part 2, bottom panel).

 3.3.  Test Series 3 – Reference Aperture f/8, Test Aperture f/2.8
 This series is somewhat problematic in that the scope for defocus is quite small, which 
makes it difficult to determine the test image that is the best match to the reference: compare the 
f/8 reference image to the f/2.8 control image in the bottom panel of Fig. 6, Part 1, Appendix 3.  
The best approach with this series may be to determine the value that α must be less than.
 3.3.1.  Wood.  The test image corresponding to α = 0.4 is sharper than the reference, and 
the test image for α = 0.7 is decidedly blurrier (Fig. 6, Parts 1 and 2).  The test images for α = 0.5 
(not shown) and α = 0.6 (Fig. 6, Part 2, bottom panel) are both quite similar to the f/8 reference 
image.  The estimate of α is consequently 0.5 – 0.6.
 3.3.2.  Text.  The results are the same as for evaluation of blur on the wood surface (Fig. 
7, Parts 1 and 2), and the estimate of α is, again, 0.5 -0.6.

 3.4.  Summary of Results
 The results are summarized in Table 3.  The mean estimate of the diffraction blur 
coefficient is approximately α = 0.57.  I will use α = 0.6 for the remainder of this paper.
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Table 3.  Summary of Blur Equivalence Test Results — Best Estimate of α for Each SeriesTable 3.  Summary of Blur Equivalence Test Results — Best Estimate of α for Each SeriesTable 3.  Summary of Blur Equivalence Test Results — Best Estimate of α for Each SeriesTable 3.  Summary of Blur Equivalence Test Results — Best Estimate of α for Each SeriesTable 3.  Summary of Blur Equivalence Test Results — Best Estimate of α for Each Series

Test Series Reference Image 
Aperture

Test Image Aperture Evaluation “Surface”Evaluation “Surface”Test Series Reference Image 
Aperture

Test Image Aperture

Wood Text

1 f/16 f/2.8 0.65 0.55 – 0.65

2 f/11 f/2.8 0.55 – 0.60 0.50

3 f/8 f/2.8 0.50 – 0.60 0.50 – 0.60

4.  Discussion
 4.1.  Diffraction Blur
 These results show that the usual formulas overestimate diffraction relative to defocus 
blur or, conversely, underestimate defocus relative to diffraction.  I have taken the position that 
the error is likely in estimation of diffraction.  The Airy diffraction pattern is shown in Fig. 8.  It 
consists of a central bright disk surrounded by alternating dark and less-dark rings.  The 
diffraction blur spot is customarily calculated as the diameter of the central bright disk out to the 
first minimum — approximately the middle of the first dark ring.  As can be seen, however, the 
brightness of the central disk diminishes markedly towards its edge.  For example, at 70% of the 
distance from the center to the first minimum, brightness drops to about 11% of its value at the 
center (Table 4).  If the dimmest 11th percentile of the central disk has no perceptible effect on

Fig. 8  Airy diffraction pattern.  The scale on the right side indicates relative intensity.  This image was was 
obtained from http://en.wikipedia.org/wiki/File:Airy-pattern.svg
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image sharpness, then the usual calculation overestimates the size of the diffraction blur spot by 
43%.  If we assume that the formulas for defocus blur are quantitatively accurate, then the 
experiments described in this paper give an empirical quantitative estimate of diffraction blur — 
for the camera and lens used here, ca = (2.44)(0.60)λN / 1000 µm (where wavelength is in 
nanometers).

Table 4.  Airy Disk Intensity and Distance from CenterTable 4.  Airy Disk Intensity and Distance from Center

Percent of Distance from 
Center to First Minimum

Relative Brightness, %*

50 36.8

55 29.0

60 22.1

65 16.1

70 11.1

75 7.2

80 4.2

*  Calculated with assistance from the online Bessel function 
calculator at http://keisan.casio.com/exec/system/1180573474
*  Calculated with assistance from the online Bessel function 
calculator at http://keisan.casio.com/exec/system/1180573474

 4.2.  Effect on Optimal Aperture Calculations
 From the previous paper in this series,5 the formulas for optimal aperture are:

     
Nmin(Blur ) =

∂v( )k
4.88αλ     4

and

     
Nmax(DoF ) = 0.29

ctk
αλ     5
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Thus, Nmin(Blur) is a function of 1/√α, and Nmax(DoF) is a function of 1/α.  If α = 0.6 instead of 1.0, 
as is universally assumed, then Nmin(Blur) is smaller by a factor of √1.67 = 1.29, or between two-
thirds and one full f-stop.6  Nmax(DoF) is smaller by a factor of 1.67, or almost 11/2 f-stop.
 To see what this means in practical terms, I will return to an example discussed in Section 
2.1 of the previous paper.  Consider the case where the goal is to simultaneously minimize blur 
of a pair of objects 4 and 10 meters from the camera, and that a 50mm lens is being used.  As 
previously calculated, if α = 1.0, then Nmin(Blur) is f/11 (rounded to the nearest available camera 
setting), and defocus blur is cd(P) = 17.35 µm.  However, if α = 0.6, then Nmin(Blur) is f/16 (again 
rounded to the nearest available camera setting), which reduces defocus blur to cd(P) = 11.94 µm.  
A reduction of more than 30% in defocus blur seems worthwhile, although we need also to 
consider the effect on total blur.  If the actual value of α is 0.6 and aperture is set to f/11, then the 
realized diffraction blur is ca = 8.86 µm, and total blur is ct = 19.48 µm.  On the other hand, if we 
use the optimal aperture, f/16, diffraction blur is ca = 12.89 µm, and total blur is ct = 17.56 µm.  
In other words, adjusting Nmin(Blur) to account for α < 1.0 has reduced total blur in this example by 
only about 10%.  In effect, the reduction in defocus blur that we obtain by using a smaller 
optimal aperture is mostly offset by the concomitant increase in diffraction blur.
 To see the effect on Nmax(DoF) and depth of field, let us set acceptable total blur to ct = 15 
µm.  If α = 1.0, then Nmax(DoF) = 7.91 ≈ f/8 (Eq. 5).  The calculated diffraction blur is then 10.74 
µm (Eq. 3, assuming α = 1.0).  That leaves 10.47 µm apparently available for defocus blur.  If we 
are using a 35 mm lens focused at 4 m, the near and far DoF limits are 3.14 and 5.51 m.7  But if 
the true value of α is 0.6, then the realized diffraction blur at f/8 is only 6.44 µm.  In reality, then, 
we would have 13.55 µm available for defocus blur and the realized near and far DoF limits 
would be 2.95 and 6.19 m.  What happens if we use α = 0.6 at the outset?  Nmax(DoF) is now f/13 
(Eq. 5), to the nearest available camera setting.  Diffraction blur is ca = 10.47 µm (Eq. 3), which 
means cd = 10.74 µm (remembering that ct = 15 µm ).  The near and far DoF limits would then 
be 2.75 and 7.35 m.  In this example, the realized near DoF limit is little affected by using the 
true value of α in our calculation of Nmax(DoF), although the far DoF limit is extended by more 
than one meter (7.35 vs. 6.19 m).
 Exploring this particular example further, at f/8 the calculated hyperfocal distance is 14.6 
m (assuming that α = 1.0).  On the other hand if the true value of α is 0.6, the hyperfocal distance 
is 8.8 m at f/13.  For hyperfocal photography, the “corrected” value of Nmax(DoF) would mean that 
the near DoF limit was only 4.4 m from the camera when focused at 8.8 m, using f/13.  If, 
instead, we set the aperture to f/8 and focused the camera at 14.6 m, the realized near DoF limit 
(α = 0.6) would be 6.4 m.  In other words, for this particular example, there is a 2 m “penalty” in 
the near DoF limit when the incorrect value of α is used to determine “optimal” aperture and 
hyperfocal distance.  My guess is that most photographers would care about that if they were 
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taking the trouble to make a hyperfocal image.  On the other hand, if the true value of α is larger 
than 0.6, say 0.8, then the error that would result from not incorporating it into our calculations 
might be relatively inconsequential.  For example, the error in Nmin(Blur) would be slightly less 
than one-third stop, and the error in Nmax(DoF) would be about two-thirds stop.

 4.3.  Software for Calculation of Optimal Aperture
 Optimal aperture calculations are performed by a set of iOS applications developed by 
George Douvos:  OptimumCS-Pro (Optimum Camera Settings – Pro), TrueDoF-Pro; and Focus 
Stacker.8  As of this writing, those apps do not include provision for an adjustable diffraction blur 
coefficient.  In effect, α is assumed to be 1.0.  However, it is possible to specify the wavelength 
used for calculations.  The default value about 550 nm, as used for the examples in this paper.  
Smaller values of α have the same effect on calculated diffraction blur as shorter wavelengths.  
Therefore, diffraction blur can be adjusted for α = 0.7, for example, simply by setting wavelength 
to 385 nm (= 550 x 0.7).

 4.4  Conclusion
 If we are willing to assume that the formulas for defocus blur are accurate, then blur 
equivalence provides an empirical estimate of the effective size of the diffraction blur circle.  I 
am not aware of any other published estimates similar to the one here.  In the case of the Sigma 
DP3 Merrill, diffraction blur first becomes apparent in an aperture series at f/5.6 (and arguably at 
f/4).  If α = 0.6, then ca = 4.5 µm at f/5.6.  This is slightly smaller than the 4.9 µm 
photosite pitch of the sensor.  However, I do not think it unreasonable that diffraction 
effects can be visible at that level.  The initial image degradation is an almost 
imperceptible haziness, rather than loss of resolution.  It is apparent only by comparison 
with an image made at a larger aperture.
 The present results must be considered preliminary.  For one thing, they have been 
obtained with a single camera and lens.  These experiments require accurate distance 
measurement and accurate focusing.  The Leica Disto seems up to the measurement 
requirements.  On the other hand, the DP3 Merrill, while exemplary in terms of pixel 
level image quality, is not an easy camera to focus precisely.  I learned the hard way that 
the autofocus function is not good enough, at least with the focusing targets that I used.  
Even precise manual focusing is difficult.
 The next paper in this series will describe a relatively simple procedure for 
estimating the diffraction blur coefficient.  Using the Sigma DP3 Merrill, that procedure 
yields an estimate of α = 0.7, a bit larger than the estimate obtained here.
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Appendix 1

 The focus target distances in Table 2 were obtained by the method described here.  For 
example, consider the cell corresponding to diffraction blur coefficient α = 0.4 and test series 1, 
for which the distance to the focus target is 1,964 mm.  The estimated diffraction blur for the 
reference image is, by Eq. 3, 8.5888 µm (α = 0.4, N = 16, λ = 550 nm, k = 1000).  Since the 
reference image is focused on the cutting board, there is no defocus blur and the estimated total 
blur, ct, of the reference image is also 8.5888 µm.  By Eq. 3, the estimated diffraction blur, ca, of 
the f/2.8 test image is 1.5030 µm.  We need to position the WhiBal focus target so that the 
estimated total blur of the test image is also 8.5888 µm.  Total blur is related to diffraction and 
defocus blurs by Eq. 1, which can be rearranged to give Eq. 6.  

     cd = ct
2 − ca

2
     6

From which cd = √(8.58882 - 1.50302) = 8.4563 µm.  Since we are concerned with defocus only 
on the cutting board, which is behind the focus plane for the test images, cd becomes cd(f) (Eq. 2).
 The distance from the lens to the cutting board is uf = 2000 mm.  Then, by the lens 
equation, for a 50 mm lens, vf = 51.28205 mm.  By rearranging Eq. 2, we can solve for ∂vf:

     
∂vf =

cd ( f )Nvf
f

From which ∂vf = 0.02428 mm (N = 2.8, f = 50 mm).  Then, the distance behind the lens of the 
image of the WhiBal focus target, v, is given by vf + ∂vf = 51.30634 mm.  Finally, we use the lens 
equation again to determine the distance, u, from the camera to the focus target:

     

1
u
= 1
f
− 1
v

From which, u = 1,964 mm, as shown in Table 2 for test series 1.
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Appendix 2 — Test Series 2

Fig. 4, Part 1.  Test series 2.  Top panel: comparison of reference image to test image for α = 0.5.  Bottom 
panel: comparison of f/11 reference image to f/2.8 control image focused on the background cutting 
board.  The lower half of each panel is the f/11 reference image.
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Fig. 4, Part 2.  Test series 2.  Top panel: comparison of reference image to test image for α = 0.8.  Bottom 
panel: comparison of reference image to test image for α = 0.6.  The lower half of each panel is the f/11 
reference image.

© 2014 Phil Service (pservice@mac.com)! Last revised:  14 May 2014

mailto:pservice@mac.com
mailto:pservice@mac.com


Fig. 5, Part 1.  Test series 2.  Top panel: comparison of reference image to test image for α = 0.4.  Bottom 
panel: comparison of f/11 reference image to f/2.8 control image focused on the background cutting 
board.  The lower half of each panel is the f/11 reference image.
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Fig. 5, Part 2.  Test series 2.  Top panel: comparison of reference image to test image for α = 0.6.  Bottom 
panel: comparison of reference image to test image for α = 0.5.  The lower half of each panel is the f/11 
reference image.
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Appendix 3 — Test Series 3

Fig. 6, Part 1.  Test series 3.  Top panel: comparison of reference image to test image for α = 0.4.  Bottom 
panel: comparison of f/8 reference image to f/2.8 control image focused on the background cutting board.  
The lower half of each panel is the f/8 reference image.
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Fig. 6, Part 2.  Test series 3.  Top panel: comparison of reference image to test image for α = 0.7.  Bottom 
panel: comparison of reference image to test image for α = 0.6.  The lower half of each panel is the f/8 
reference image.
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Fig. 7, Part 1.  Test series 3.  Top panel: comparison of reference image to test image for α = 0.4.  Bottom 
panel: comparison of f/8 reference image to f/2.8 control image focused on the background cutting board.  
The lower half of each panel is the f/8 reference image.
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Fig. 7, Part 2.  Test series 3.  Top panel: comparison of reference image to test image for α = 0.7.  Bottom 
panel: comparison of reference image to test image for α = 0.6.  The lower half of each panel is the f/8 
reference image.
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