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Testing the Theory — The Diffraction Blur Coefficient 
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Summary !

 A previous experiment indicated that the effective size of the diffraction blur circle is 
substantially smaller than customarily assumed.  Smaller size can be accounted for in optimal 
aperture calculations by incorporating a diffraction blur coefficient, α.  The present paper 
describes a simple procedure to estimate α.  Although simple in concept, the described 
experiment can be difficult in practice because results are sensitive to focus accuracy.  The value 
of the diffraction blur coefficient was determined to be α ≈ 0.70.  That is slightly larger than the 
value 0.60 from the previous experiment.  Additionally, Nmin(Blur) was shown to be an optimal 
aperture under experimental conditions. !
1.  Introduction 
 A basic requirement of optimal aperture theory is that defocus and diffraction blurs be 
interchangeable — that x microns of defocus blur have the same effect on image sharpness as x 
microns of diffraction blur.  I refer to this as the principle of blur equivalence.  In the preceding 
paper in this series, I showed that blur equivalence implies that the effective size of the 
diffraction blur circle is less than customarily assumed.   The reduced size can be expressed by 1

the diffraction blur coefficient, α, which in the previous paper was estimated to be approximately 
0.6.  In this paper, I will demonstrate a relatively quick and simple method for estimating α.  
Also, I will show that Nmin(Blur) really is an optimal aperture when α is included in its calculation 
(Eq. 1):  2
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  http://philservice.typepad.com/f_optimum/2014/05/optimal-aperture-in-photography-2-testing-the-1

theory-blur-equivalence.html

  λ is the wavelength of light, which is taken to be 550 nm in this paper.  k is a scaling factor equal to 2

1,000 when wavelength is expressed in nanometers and blur is expressed in microns.  f is focal length.  vf 
is the distance behind the lens of the image of the background object that is to be rendered with minimum 
blur.  ∂vf is the difference between vf and v, where v is the distance behind the lens of the image of the 
plane of focus.  http://philservice.typepad.com/f_optimum/2013/11/optimal-aperture-in-
photography_1_theory.html
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2.  Materials and Methods 
 2.1.  Equipment and Set-up       
 The camera, Sigma DP3 Merrill, and laser distance measurer are described in the             
preceding paper.  The same wooden cutting board, with attached text, served as the defocused 
“background” for evaluation of blur.  The board was 2.000 m from the camera.  A focusing target 
was placed in front of the board at a predetermined distance from the camera.  The camera was 
focused manually, after which the target was removed.  An aperture series was then made 
without re-focusing the camera. !
 2.2.  Expected Results       
 The position of the focusing target was chosen so that f/8 would be the optimal aperture 
(Eq. 1) under the assumption that α was equal to 0.6, 0.7, or 0.8.  The expected total 
“background” blur, ct, in the image of the cutting board is a function of aperture, focus distance 
and the value of α.  The expected blur when the focus distance is 1.923 m is shown in Table 1.   3

That is the distance for which f/8 is the optimal aperture if α = 0.6.  The table also shows the 
expected total blur in the cutting board image if α ≠ 0.6, but the focus distance remains the same.  
In the column corresponding to α = 0.6, it can be seen that f/8 should result in the least amount of 
total blur, if the true value of α is 0.6.  However, it can be seen that f/8 is also the optimal 
aperture (among those tested) for other values of α.  In fact, for this combination of focus and 
background distances, f/8 is optimal for all values of α from 0.5 to 0.8.  Thus, the observation 
that the f/8 image is the sharpest in the aperture series is negligible support for α = 0.6.  Rather, !

!
the power of this test comes from observation of images made at non-optimal apertures.  If α = 
0.6, blur should increase symmetrically for apertures on either side of f/8.  For example, total 

Table 1.  Expected Total Background Blur (µm) for Focus Target at 1.923 m*

Aperture
Diffraction Blur Coefficient, α

0.4 0.5 0.6 0.7 0.8 0.9 1.0

2.8 18.41 18.45 18.49 18.54 18.60 18.66 18.73

4 13.03 13.12 13.24 13.39 13.55 13.73 13.92

5.6 9.66 9.92 10.22 10.58 10.97 11.40 11.86

8 7.73 8.37 9.10 9.89 10.73 11.60 12.51

11 7.53 8.74 10.01 11.34 12.70 14.08 15.48

16 9.17 11.21 13.28 15.37 17.48 19.59 21.71

* Focus distance for Nmin(Blur) = f/8 when “true” value of α = 0.6, and background is at 2.000 m.
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  A sample calculation is given in Appendix 1.3
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blur at f/5.6 should be very nearly the same as at f/11.  Similarly, total blur at f/4 should be very 
similar to that at f/16.  However, if the true value of α is 0.8, for example, total blur at f/4 should 
be less than at f/16; and total blur at f/5.6 should be less than at f/11.  On the other hand, if the 
true value of α is less than 0.6, say 0.5, then the asymmetry is reversed — total blur at f/4 is 
expected to be greater than at f/16, and so on. 
 Two additional aperture series were made with the focus-target distance chosen so that f/8 
was the optimal aperture under the assumption that the true value of α was 0.8 or 0.7 (Tables 2 
and 3).  Again, if the true value of α is different from the assumed value, we expect asymmetrical 
blur response for apertures larger and smaller than f/8. !

!

Table 2.  Expected Total Background Blur (µm) for Focus Target at 1.898 m*

Aperture
Diffraction Blur Coefficient, α

0.4 0.5 0.6 0.7 0.8 0.9 1.0

2.8 24.69 24.71 24.74 24.78 24.82 24.87 24.93

4 17.38 17.46 17.55 17.65 17.77 17.91 18.06

5.6 12.68 12.88 13.12 13.40 13.71 14.05 14.43

8 9.63 10.16 10.76 11.44 12.17 12.95 13.77

11 8.61 9.69 10.85 12.09 13.37 14.69 16.04

16 9.61 11.57 13.59 15.64 17.71 19.80 21.90

* Focus distance for Nmin(Blur) = f/8 when “true” value of α = 0.8, and background is at 2.000 m.

Table 3.  Expected Total Background Blur (µm) for Focus Target at 1.911 m*

Aperture
Diffraction Blur Coefficient, α

0.4 0.5 0.6 0.7 0.8 0.9 1.0

2.8 21.40 21.43 21.47 21.51 21.56 21.62 21.68

4 15.10 15.18 15.29 15.41 15.55 15.71 15.88

5.6 11.09 11.32 11.59 11.90 12.25 12.64 13.06

8 8.62 9.20 9.87 10.60 11.38 12.21 13.08

11 8.03 9.17 10.39 11.68 13.00 14.35 15.73

16 9.37 11.37 13.41 15.49 17.58 19.68 21.79

* Focus distance for Nmin(Blur) = f/8 when “true” value of α = 0.7, and background is at 2.000 m.
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 2.3.  Image Processing and Evaluation Workflow       
 Raw image files (X3F) were opened in Iridient Developer 2.3.4.  Image sharpening was             
disabled.  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.  Image pairs, f/4 vs. f/16 and f/5.6 vs. f/11, were compared 
as”split” images by offsetting layers vertically so that identical central parts of the two images 
could be viewed adjacent to each other (above and below). !
3.  Results 
 3.1.  Test Series 1 — α = 0.6       
 The focus distance of 1.923 m was chosen so that f/8 would be the optimal aperture if the             
“true” value of α were 0.6.  With respect to the wood grain of the cutting board, the f/4 image is 
sharper than the f/16 image, and the f/5.6 image is sharper than the f/11 image (Fig. 1).  Similar 
results are obtained if blur is evaluated in the images of text (Fig. 2), except that differences 
between images of a pair are more apparent.  These results indicate that α > 0.6. !
 3.2.  Test Series 2 — α = 0.8       
 The focus distance of 1.898 m was chosen so that f/8 would be the optimal aperture if the             
“true” value of α were 0.8.  Considering both wood and text, f/16 produces a much sharper 
image than f/4.  Similarly, the f/11 images are sharper than the f/5.6 images (Figs. 3 and 4 in 
Appendix 2).  These results indicate that α < 0.8. !
 3.3.  Test Series 3 — α = 0.7       
 The focus distance of 1.911 m was chosen so that f/8 would be the optimal aperture if the             
“true” value of α were 0.7.  In this case, total blur in the paired images is very similar.  The f/16 
images are arguably just slightly sharper than the f/4 images.  On the other hand, the f/5.6 images 
seem just sharper than those at f/11 (Figs. 5 and 6 in Appendix 3).  The change in direction of the 
slight asymmetry between the two comparisons is not predicted by theory.  It could result if other 
types of blur, such as those caused by lens aberrations, vary with aperture.  In any event, the 
differences in sharpness between images in each pair are minimal.  These results are consistent 
with α ≈ 0.7. !
 3.4.  Is f/8 Optimal?       
 For all three test series, f/8 is predicted to be the optimal aperture if α = 0.6, 0.7, or 0.8             
(Tables 1 – 3).  To save space, I show only the images of text.  For test series 1 and 2, 
comparisons are shown between the f/8 image and the sharpest alternative.  For those series, the 
f/8 image is difficult to distinguish from its alternative (Appendix 4, Fig. 7).  That is not 
surprising and is, in fact, consistent with predicted total blurs.  Consider for example, test series 
1.  The focus distance was chosen under the assumption that α = 0.6.  However, the blur !
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Fig. 1.  Test series assuming “true” value of a is 0.6.  The focus distance was 1.923 m.  Top panel: 
comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f/5.6.
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Fig. 2.  Test series assuming the “true” value of α is 0.6.  The focus distance was 1.923 m.  Top panel: 
comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f5.6.
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asymmetry indicated α > 0.6.  Note that as the value of α increases, the expected total blur at f/8 
becomes similar to the total blur at f/5.6.  In fact, if α = 0.7, the difference in expected total blur 
between those two apertures is less than 0.7 µm, and essentially disappears if α = 0.8 (Table 1).  
A similar argument, in reverse, applies to the comparison between the f/8 and f/11 images in test 
series 2, if α < 0.8 (Table 2).  For test series 3, the f/8 image is clearly optimal (Appendix 4, Fig. 
8). !
4.  Discussion 
 These tests indicate that the diffraction blur coefficient, α, is approximately 0.7, at least           
for the Sigma DP3 Merrill camera.  That is sufficiently different from 1.0 that it is probably 
worth taking into account when calculating optimal aperture.  Nmin(Blur) is a function of 1/√α and 
Nmax(DoF) is a function of 1/α.  Therefore, Nmin(Blur) becomes about one-half f-stop smaller, and 
Nmax(DoF) about one full stop smaller, if α = 0.7.  As explained in the previous paper, the effect on 
realized total blur with Nmin(Blur) will be relatively minor because the decrease in defocus blur that 
results from using a smaller aperture will be partially offset by the greater diffraction blur.  
However, if the objective is to limit total blur to a particular value, the effect on depth of field 
when using Nmax(DoF) can be substantial. 
 The present estimate of α is rather larger than the value of 0.6 that was obtained in the             
previous paper in this series.  Presumably, the difference is due to the different experimental 
designs.  In the earlier tests, aperture was held constant while focus distance was changed in 
order to manipulate total “background” blur.  The weakness of that design was that it required re-
focusing the camera for each image in a series, introducing the possibility of multiple focusing 
errors.  In contrast, the current design requires focusing the camera only once for each test series, 
although it is important that the camera be focused accurately (see next paragraph). 
 The procedure described here for estimating α is relatively quick and easy.  For any          
aperture series, the distances to focus target and background need be measured only once, and 
can probably be determined with sufficient accuracy using a conventional tape measure and an 
extra pair of hands.  Unfortunately, the test is quite sensitive to focusing errors.  If the distance to 
the cutting board is 2.000 m and α = 0.7, the proper focus distance for Nmin(Blur) = f/8 is 1.911 m 
(Table 3).  Suppose, however, that due to error, the lens is actually focused at 1.901 m.  The 
effect on comparisons between images taken at “symmetrical” apertures will be substantial 
(Table 4).  For example, the realized total blur at f/4 will be greater than the blur at f/16.  That 
asymmetry matches quite closely the asymmetry expected if the camera is focused accurately but 
the true value of α is < 0.7 (Table 3).  Similarly, if the camera is mistakenly focused at 1.921 m 
(10 mm behind the target), the resulting blur asymmetry will be consistent with α > 0.7 (Tables 3 
and 4).  Focusing errors of ± 10 mm when the target is 1.9 m from the camera appear to have 
little, if any, discernible effect on the sharpness of the focus target image (Fig. 9).  If that seems 
surprising, consider that the defocus blur 10 mm behind the plane of focus is only 2.52 µm when 
the focus distance is 1.901 m (f/2.8 and focal length = 50 mm).  If α = 0.7, the diffraction blur at 
f/2.8 is 2.63 µm.  Thus, the total blur on the focus target at 1.911 m when the camera is actually 
focused at 1.901 m is only 3.64 µm.  That compares to a “total” blur of 2.63 µm if the camera 
were focused at 1.911 m.  Although it is possible to magnify the live image on the LCD of the 
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Sigma DP3 Merrill when focusing manually, the image quality of the LCD is mediocre, and 
there are no other focusing aids.  Therefore small focusing errors cannot be ruled out, or easily 
detected after the fact, when using this camera. !

!
 Fig. 9 illustrates the difficulty of ensuring precise focus.  Three images of part of a          
resolution chart are shown at 100% magnification (“actual pixels”).  The middle image was made 
by placing the chart at 1.911 m from the camera.  The camera was focused manually and the 
photograph taken at f/2.8.  The top and bottom images were made after moving the chart 10 mm 
farther away or nearer, and re-photographing it without re-focusing the camera.  The image 
made with the target at 1.921 m is very slightly blurrier than the other two, which are 
indistinguishable.  A reasonable interpretation is that the true focus distance was between 1.901 
and 1.911 m, and that the 1.921 m image was somewhat more than 10 mm out of focus.  Note 
that these images were processed the same way as all other images presented here.  In particular, 
sharpening was disabled. 
 The good news is that optimal apertures really are sharpest, if diffraction blur is properly             
calculated.  However, estimates of the diffraction blur coefficient need to be refined and 
extended to other camera systems and image processing workflows.  In particular, we need to 
repeat these or similar experiments with cameras equipped with Bayer-type sensors; and to 
process the images with more widely used raw converters such as Lightroom and Aperture. !!!

Table 4.  Expected Total Background Blur (µm) for α = 0.7 as a Function of Focus Distance*

Aperture
Focus Distance (m)

1.901 1.911 1.921

2.8 24.02 21.51 19.03

4 17.13 15.41 13.72

5.6 13.05 11.90 10.79

8 11.24 10.60 10.00

11 11.99 11.68 11.39

16 15.60 15.49 15.39

*  Background is at 2.000 m.
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Fig. 9.  Effect of focus error.  Camera focused on target at 1.911 m (middle image).  Target was then 
moved +10 mm (top image) and -10 mm from camera and re-photographed without refocusing.  
Image should be viewed at 500 pixels width for 100% magnification.
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Appendix 1 !
 Consider the case where α = 0.6 (Table 1).  To find the focus distance such that f/8 is the             
optimum aperture, first rearrange Eq. 1 to solve for ∂vf: !
     "     2             

!
vf is the distance behind the lens of the image of the background cutting board that is at distance 
uf = 2.000 m from the camera, and focal length f = 50 mm.  From the lens equation: !
      "              

!
vf = 51.28205 mm.  Then, from Eq. 2, ∂vf = 52.854 µm.  To obtain the focus target distance, u, we 
need to know the distance, v, behind the lens of the focus target image.  v = vf + ∂vf = 51.28205 + 
0.052854 = 51.3349 mm.  Finally, we use the lens equation again to find u = 1.923 m. 
 Given aperture and the fixed distance between focus target and background, the total blur             
values in Table 1 are obtained by combining the defocus and diffraction blurs that are calculated 
by the usual means. 

      "     3             

!
      "     4             

!
      "     5             

!!
For example, if aperture N = 5.6, cd(f) = 9.202 µm; ca = 4.509 µm; and ct = 10.2 µm, as shown in 
the column for α = 0.6 in Table 1 (with rounding). 
              

∂vf =
2.44αλvf Nmin(Blur )

2

fk

1
vf

= 1
f
− 1
u f

cd ( f ) =
f ∂vf
Nvf

ca =
2.44αλN

k

ct = cd ( f )
2 + ca

2
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Appendix 2 — α = 0.8 
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Fig. 3.  Test series assuming the “true” value of α is 0.8.  The focus distance was 1.898 m.  Top panel: 
comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f5.6.
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Fig. 4.  Test series assuming the “true” value of α is 0.8.  The focus distance was 1.898 m.  Top 
panel: comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f5.6.
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Appendix 3 — α = 0.7 
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Fig. 5.  Test series assuming the “true” value of α is 0.7.  The focus distance was 1.911 m.  Top panel: 
comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f5.6.
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Fig. 6.  Test series assuming the “true” value of α is 0.7.  The focus distance was 1.911 m.  Top panel: 
comparison of f/16 vs. f/4.  Bottom panel: comparison of f/11 vs. f5.6.
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Appendix 4 — Optimality of f/8 
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Fig. 7.  Tests for optimality of f/8.  Top panel: comparison of f/8 vs. f/5.6 for test series 1 (α assumed to 
be 0.6).  Bottom panel: comparison of f/8 vs. f/11 for test series 2 (α assumed to be 0.8).
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Fig. 8.  Tests for optimality of f/8, test series 3. True value of α assumed to be 0.7.

mailto:pservice@mac.com

