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Preface

Carl Zeiss

"Nine rounded diaphragm blades guarantee

images with exceptional bokeh"

Wherever there are reports about a new camera lens, this
sentence is often found. What characteristic of the image is
actually meant by it? And what does the diaphragm have to
do with it?

We would like to address these questions today. But
because "bokeh" is closely related to "depth of field,” |
would like to first begin with those topics on the following
pages. It is true that a great deal has already been written
about them elsewhere, and many may think that the topics
have already been exhausted. Nevertheless | am sure that
you will not be bored. | will use a rather unusual method to
show how to use a little geometry to very clearly understand
the most important issues of ‘depth of field’.

Don't worry, though, we will not be dealing with formulas at
all apart from a few exceptions. Instead, we will try to
understand the connections and learn a few practical rules
of thumb. You will find useful figures worth knowing in a few
graphics and tables.

Then it only takes another small step to understand what is
behind the rather secretive sounding term "bokeh". Both
parts of today's article actually deal with the same
phenomenon but just look at it from different viewpoints.
While the geometric theory of depth of field works with an
idealized simplification of the lens, the real characteristics of
lenses including their aberrations must be taken into
account in order to properly understand bokeh. The
diaphragm is not enough, and that is all that needs to be
said here.

There are also plenty of pictures for illustrating this topic for
those who do not want to get deeply involved in the theory
of their camera, so we really wish everyone a lot of fun with
the reading.
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"Scharfentiefe" or "Tiefenscharfe" for depth of field?

When searching the net, there is a
seemingly endless amount of entries
about our topic and much of what is there
for reading is of course incorrect or
incomplete. It is therefore not surprising
that photography forums like to spend so
much time discussing it.

There was a particular increase in the
interest to understand depth of field when
the first digital SLR cameras were put on
the market in the smaller APS-C format,
which were compatible with "old" lenses
for the 24x36 mm format. But the question
was whether the engraved scale on the
lens still applies or not.

In the German forums we even find some
heavy debate about the proper term for the
depth of field - should it be "Scharfentiefe"
or 'Tiefenscharfe", saying “depth of
sharpness” or “sharpness of the depth”?

We shouldn't split hairs over it, particularly
when we see that this depth itself is not a
very precise feature anyway. Both terms
have been in common use for a while now.
And both refer to the same characteristic of
photographic imaging - namely that a clear
two-dimensional photographic image can be
made of objects in a three-dimensional
space under certain conditions, even
though the camera can only be focused on
one specific distance.

Tiefenschirfentabelle fiir f=75¢cr

Equipment details of a camera from 1934: a “Tiefenschérfe” table instead of a “Schérfentiefe”
one! Language is not always so strict, so we have to allow both terms to be used. This
debate about terms is of course useless for those who read the translated English version!

The fact that we can capture a
considerable portion of the three-
dimensional space in front of and behind
the optimally focused distance on the film
or chip is because we can obviously
tolerate or not even notice a certain
amount of blurriness.

It is really a blessing that this is the case,
because there is hardly any camera so
precise that it can be 100% sure to bring
the optimum performance of the lens onto
the film or sensor. That is because limited
film flatness in analogue times, focusing
errors, and other mechanical tolerances
make it more difficult.

But as long as the errors are not too
great, we usually do not notice them.

Depth of field is based on the
acceptable blurriness and s
therefore essentially based on
arbitrary specifications. But it is not
the case that the sharpness of the
image is actually constant at a certain
depth of space and then stops being so
in front of and behind it. The sharpness
is always continuously changing with
the distance of the object.
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When is the depth of field not dependent upon the focal length?

What is behind the scale on the lens?

When someone says that the depth of
filed is not at all dependent on the focal
length, of course we would like to
contradict that. After all, practical
experience has shown us that wide-angle
lenses make images with a large depth
and telephoto lenses have a rather
selective sharpness. Despite this, the
person making the original claim may be
right, but must clarify which type of depth
is meant. Those speaking English have it
better because they use two clearly
different terms: depth of field and depth
of focus.

The former stands for what we generally
consider to be "Schéarfentiefe" in German,
namely the depth in the object space. But
there is also a depth in the image space
inside the camera. This image-side depth,
called depth of focus in English, is not
actually dependent on the focal length but
rather on the f-number, which is easy to
understand:

Every picture element is generated by a
large number of beams of light that shine
through the aperture and combine in the
picture element. In doing so, they form a
light cone whose area is the image of the
aperture seen from the sensor. This
picture of the aperture is called the exit
pupil. You can easily see it when you look
into a lens from behind while you point it to
a light surface:

The f-number is the ratio of the distance
from the image plane to the exit pupil and
the diameter of the exit pupil. The angular
aperture of the light cone therefore only
depends on the f-number.

A large aperture (meaning a low f-number)
means a truncated light cone, and a small
aperture (meaning a higher f-number)
means a pointed light cone.

DistEP
DiameterEP

f —number =

l{

If the sensor surface (yellow line)
intersects with the light cone at a certain
distance from the point of the cone, the
resulting intersection is the circle of
confusion marked red in above drawing.

The total image-side depth of focus (the
blue section of the image space in the
diagram above) is twice the product of the
diameter of the circle of confusion (z) and
the f-number (k):

depth-of - focus~2-z-k

This simple equation can be seen in the
engraved depth of field scales:

The rotary angle on the focusing ring is
proportional to the image-side focus
adjustment and the  depth-of-field
markings on the lens barrel are therefore
proportional to the f-number.

(Strictly speaking, the image-side depth of
focus behind the image plane is just
slightly larger, but this can be ignored.)
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Examples of depth-of-field scales on lenses: engraved on the left, and a complex solution on
the right where the two red indicators are moved by a gear system when the aperture is set. In
both cases, the distances from the index in the middle to the depth-of-field markings are
proportional to the f-number. The intervals between the individual scale markings are of course
also dependent upon the specification of the acceptable circle of confusion and the thread
pitch of the focusing ring. That is why such scales are no longer useful on many modern AF
lenses if they have extremely steep focusing. The depth-of-field scales are symmetrical on the

left and right.

You may sometimes come across those who
hold the viewpoint that a longer focal length
has a larger image-side depth of focus. That is
not true, however, because the image-side
depth of focus is only dependent on the f-
number. This misconception comes from
confusing the image-side depth of focus with
the depth of the three-dimensional image.

Short focal lengths only have a very short
focus movement because they display
everything from the near foreground to the
distant background in a very short image space
- their image is flat. Long focal lengths require
a significantly larger focus movement because
the image of the same object space is much
deeper.

If cameras are poorly calibrated, the sensor
may be completely next to the flat image for
very short focal lengths and then the entire
motif will appear to be slightly blurry. With a
long focal length, on the other hand, despite
poor calibration it will still be perfectly clear
somewhere, even if it is not where it is
supposed to be. This experience also leads to
the misconception that short focal lengths have
a short image-side depth of focus.

Carl Zeiss

It is true, however, that the depth of field
in the object space is also (almost)
independent of the focal length if we
compare the respective imaging of the
object at the same imaging scale. For
photographs with different focal lengths
and the same image format, of course,
this means that the photographs are taken
from correspondingly different distances.

The fact that the depth of field is only
dependent on the imaging scale
regardless of the focal length no longer
applies with very large distances. Even at
closer taking distance, two photographs of
an object will not be identical if they are
taken with two different focal lengths, even
if the depth of focus is practically identical.
Besides the perspectives, the maximum
blurriness of the distant background
differs. It is lower for shorter focal lengths
than for longer ones.

In the following pages we will move on
from the image space inside of the camera
where the circles of confusion actually
arise and take a look at the space in front
of the lens in order to understand why that
is the case.
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Depth of field and the entrance pupil

On the last two pages we have taken a look at
the light cone on the image side and learned
that circles of confusion arise when these light
cones are truncated by the sensor surface. The
beams of light travelling from an object point
into the lens do not have an intersection on the
sensor surface in that case, but rather
somewhere in the space in front of it or behind
it. In either case, their energy is distributed
across an expanded spot on the sensor
surface that we may no longer perceive as a
sharp picture element.

The acceptable deviations of the best focus
point from the sensor surface in the camera
may be interesting for the camera
manufacturer, but when we are taking
photographs we are more concerned with the
space in front of the lens. All distance scales
on lenses refer to the object side. That is why
we have to convert the image-side depth of
focus into the object-side depth of field.
And at that point we usually face the trouble
with the formulas, which we try to avoid today.

The light cones that cause the circles of
confusion do not originate in the lens but rather
come from the corresponding object points.
This means that there are also light cones on
the object side in front of the lens. Their base
area is the entrance pupil. That is the image
of the aperture that we see when we look at a
bright surface through the front of a lens from
a certain distance:

The entrance pupil can also be located far
in the back of the lens, so we should not be
fooled by its name. In the case of the long
Tele-Tessar lenses for the Hasselblad, the
entrance pupil is in the film magazine.

A virtual plane in front of the lens within the
focus distance is intersected by the light
cones travelling nearer from points further
away; it is intersected by the rear
extensions of light cones from closer object
points.

The intersections with this object-side plane
are the images of the circles of confusion in
the sensor plane - we call them "object-
side circles of confusion” for simplicity.
Even if they are not physically present, we
can still say that because every beam path
can also be inverted. Making use of
something that is not even physically
present is the trick to simplifying the
concept.

Carl Zeiss
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In the diagram on the previous page, the blue
image space is on the right, behind the lens. It
is the image of the object space marked yellow
on the left in front of the lens. The furthest
points on the left are also displayed in the
image space on the left, closer to the lens. The
blue line in the object space is the image of the
sensor surface marked yellow on the right in
the image space — it is the focal plane. The
circles of confusion that appear on the sensor
surface are marked red. They have a
corresponding mark in the object-side focal
plane.

If an image is made with an imaging scale of
1:100 in 35 mm format 24x36 mm allowing for
the usual 0.03 mm circles of confusion, then
the images of the circles of confusion in the
focal plane in the object space can be as large
as 3 mm maximum. The field of the focal plane
displayed on the sensor is 2.4 x 3.6 m. The
ratio of the diameter of the circle of confusion
and the field size is identical on both sides.

We will consider later how small this ratio
between the diameter of the circle of confusion
and the image size should be. At any rate, it is
the parameter of the acceptable blurriness.
And in the object space this ratio depends on
three things:

1. How big is the object field?

2. Where is the point of the light cone?

3. How big is the base area of the light
cone?

Conditions 2 and 3 determine how narrow an
object-side light cone is. And condition 1 then
determines the relative size of the intersection
of the cone with the focal plane.

The base area of the light cone is the entrance
pupil, and its diameter is the quotient of the
focal length and the f-number. Lenses with a
long focal length and wide-aperture lenses
(small f-numbers) have large entrance pupils,
and lenses with a short focal length and small-
aperture lenses have small entrance pupils.

FocalLength
f —number

DiameterEP =

Carl Zeiss

With a little geometry, we can now easily
see how the depth of field depends on the
taking distance, the focal length and the
aperture:

1. Distance

If we double the focusing distance, the size
of the object field in the focal plane also
doubles - not its area, but rather the width,
height and diagonal lengths. At the same
time a light cone from a point behind the
focal plane will be twice as narrow, because
the base area remains the same and we
infer the length of the cone. As a result, the
ratio of the field diagonal and circle of
confusion becomes four times as large as
before or, in other words: the depth of field
grows with the square of the focusing
distance.

2. Focal length

The focal length behaves similarly: if we
halve it, for example, the size of the object
field in the focal plane also doubles. At the
same time, half the focal length means half
the diameter of the entrance pupil, which
then makes the light cone twice as narrow
from a point behind the focal plane. As a
result, the ratio of the field diagonal and
circle of confusion becomes four times as
large as before or, in other words: the
depth of field with equal focusing
distance is inversely proportional to the
square of the focal length.

3. Aperture

If we stop down the aperture of the lens, we
reduce the area of the entrance pupil. Its
diameter decreases by a factor of 0.71 with
each single f-stop, by a factor of 0.5 after
two stops. This also narrows the light cone.
If the size of the object field remains the
same, the depth of field increases
linearly with the f-number. Stopping down
the aperture two stops, for example from a
5.6 aperture to an 11 aperture, usually
doubles the depth of field.
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Graphical representation of the relationships described on the previous page. The meter scale on
each axis is divided logarithmically so that distance always changes by the same factor for each
equally long increment. These types of scales are useful for displaying wide ranges of size
variations in one image and give us very simple curves. They are only a bit warped on the edges if
we come close to the lens or the infinity focus The focus distance runs along the horizontal axis and

the total depth of field runs along the vertical axis.

Logarithmic scales have ten intervals of varying length for the same steps of numbers, step size is 1 between
1 and 10, 10 between 10 and 100, 100 between 100 and 1000, 0.01 between 0.01 and 0.1 ... and so on.
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Now we can also just as easily explain what
happens during a change in the film format:

4. Smaller film format
with the same lens

If we remove a lens from an old analogue
camera and attach it to a digital camera of the
same system that has a somewhat smaller
APS-C sensor, then there is a "crop factor". We
do not talk about an extension of the focal
length, it doesn’t exist in this case. After all, the
lens does not know how much of its image
circle we are capturing with our sensor.

The size of the object field is reduced by the
crop factor while the object-side light cones
remain the same, as long as we use the same
lens and do not change the aperture setting.

That is why the points of the light cones may
not be located so far from the focal plane if we
want to maintain the same ratio of diagonal to
circle of confusion. Reducing the size of the
film format therefore reduces the depth of
field by the crop factor.

5. Different film formats
with the same object field

If we select the suitable focal length to ensure
that we always display the same field with
different film formats, then things go just the
other way round: reducing the size of the
sensor format increases the depth of field,
and enlarging the sensor format reduces
the depth of field, as long as we always use
the same aperture setting. That is because a
smaller sensor format displays the same object
field with an accordingly shorter focal length. If
the same f-number is used, then the entrance
pupil is reduced by the crop factor and the light
cones are narrower.

Carl Zeiss

For the same reason, medium format
photographs show a significantly smaller
depth of field with the usual apertures, even
though the absolute diameter of the image-
side circles of confusion is larger, usually
0.05 mm as opposed to 0.03 mm in 35 mm
format. If the medium format lens is adapted
to a 35 mm camera, then of course we have
to calculate with the 0.03 mm of the smaller
format.

The acceptable diameter of the circle of
confusion is therefore not a characteristic of
the lens but rather the sensor format. A
feature of the lenses is only the smallest
possible circle of confusion, and this arises
from the correction of the lens aberrations.

At first glance we therefore observe a
paradoxical characteristic whereby large
formats have a smaller object-side depth
of field and simultaneously a larger image-
side depth of focus with the same apertures
and object fields. This is also reflected in
the mechanical tolerances of cameras:
Large-format cameras can be built with
carpenter precision, and the camera module
in a mobile phone requires um (micrometer)
precision. Those are the extremes, but in
SLR photography we can already see the
difference between APS-C and full-frame
format with regard to the requirements for
focusing accuracy.

It appears to be a confusing paradox at first
glance, but of course it has a very simple
explanation. We just photographed object
fields of the same size with different sizes of
image formats. If the acceptable blurriness
is supposed to be the same with these
different cameras, it means that the ratio of
the object field diagonal and the "object-side
circle of confusion" should be the same.
The object-side light cones travelling from a
point behind the focal plane, for example,
should therefore be the same for all
compared cameras. If the images have
different format sizes, however, the imaging
scale is different. Under these conditions,
the image-side circles of confusion must
therefore increase along with the scale
factor.

The object-side light cones can only be the
same if all entrance pupils are of the same
size, however. But because object fields of
the same size mean longer focal lengths for
larger image formats, the f-numbers must
be different.
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The big format comparison

We now know that the depth is only dependent
on the size of the entrance pupil if we have the
same distance and the same angular field. The
pupil diameter is the quotient of the focal length
and the f-number.

If the focal length then changes by a factor
determined by the image format, we only have
to multiply the f-number by the same factor.
Then the quotient, that is to say the entrance
pupil, has the same value again and we have
the same depth of field relationships.

There are therefore equivalent f-numbers for
all formats, corresponding to the linear format
size.

An aperture of 2.8 in 2/3" format therefore
approximately corresponds to an aperture
of 8-11 in 35 mm format and an aperture of
22 in a 6x7 medium format. With the APS
format we have to open the aperture one
stop in order to have the same depth of field
relationships as in the 35 mm format, as
long as we have the same angular field.

The widely spread practice of describing the
angular field of lenses by calculating the
equivalent 35 mm focal length is therefore
inconsistent if it does not convert the
aperture as well. But on the other hand
there would be a conflict: a converted f-
number would be incorrect as an exposure
parameter.

The table shows us that the small formats
have fewer or in some case nearly no
variation possibilities of the depth of field
and hence the look of images.

Diagonal [mm] 6.6 8 11 21.6 26 40 70 90 150

Format  3.96x5.28 4.8x6.4 6.6x8.8 13x17.3 15.6x20.8 24x32  42x56  54x72 = 90x120
k/D 125" 118" 2/3" 4/3" APS  35mm  4.5x6 6X7 9x12

0.025 1 1.7 2.4 4

0.035 1.4 2.4 3.4 5.6
0.05 1.4 2 3.4 4.8 8
0.07 1.4 2 2.8 4.8 6.7 11
0.10 1.2 2 2.8 4 6.7 9.5 16
0.14 1.2 1.7 2.8 4 5.6 9.5 13 22
0.20 1.4 1.7 2.4 4 5.6 8 13 19 32
0.28 2 2.4 3.4 5.6 8 11 19 27 45
0.40 2.8 3.4 4.8 8 11 16 27 38 64
0.55 4 48 6.7 11 16 22 38 54 90
0.80 5.6 6.7 95 16 22 32 54 76 128

Each line of this table contains the equivalent f-numbers that have the same depth of
filed figures with the same angular fields. Formats are each cropped to the 3:4 aspect
ratio, aperture values are rounded to half-stops, and the left-hand column in blue shows
the f-number as a fraction of the format diagonals. The lower lines represent the maximum
reasonable f-numbers with respect to image degradation by diffraction..

Carl Zeiss

Camera Lens Division 10



Depth of field with the same imaging scale

The imaging scales are different in each
column in the format comparison on the
previous page because we are looking at
different cameras. In our photographic practice
it is more common that we have one single
camera and different lenses for it. For that
reason, we are sometimes faced with the
question of which focal length to use. The
decisive criteria are the room conditions,
intended perspective, and background.

Are there also differences with regard to the
depth of field if we want to display a motif in the
same size? Would the 2/50 or 2/100 macro
lens be better, for instance?

The depth of field (almost) does not
depend on the focal length at all but
rather on the imaging scale, and we can
understand that as follows:

A focal length that is twice as long creates
an image of the same size from an
approximately doubled distance, and with
the same f-number its entrance pupil
diameter is twice as large. Because of the
increased focusing distance the object side
cone of light is nevertheless the same. As a
result, the “object side circles of confusion”
are also the same.

However: the infinitely distant
background is displayed with a different
amount of blurriness because the entrance
pupils are different.

i

from infinity

>

The geometric explanation for the rule that the depth of field is not dependent on the focal
length for a given size of the object field: with the same f-number, the size of the entrance
pupils is proportional to the focal length and focusing distance. The light cones, and
therefore also the circles of confusion, are always the same.

But the bundles of light entering from the infinite distance into the entrance pupils intersect
the object plain in different areas. That is why the blurriness in the image is not the same
for very distant objects. This tells us that the nice and simple rule explained on this page
does not accurately apply to all photographic cases. We will come back to the deviations

later.

Carl Zeiss
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The hyperfocal distance

If we think of conditions where the depth of
field stretches from the focus distance into
infinity, then it becomes clear that we may
have been a bhit too naive when talking about
doubling or halving the depth of field. Infinite
distances can neither be doubled nor divided in
two.

But the same rules apply in the format
comparison for the hyperfocal distance, the
shortest focus distance where the depth of field
reaches infinity. We can easily understand this
with the help of our object-side light cones
again:

A light cone coming from infinity and entering
the lens is a bundle of parallel beams and its
angular aperture is 0°. Its diameter is the same
as the diameter of the entrance pupil. The
hyperfocal distance is therefore the distance
where the acceptable "object-side circle of
confusion diameter" is as large as the
entrance pupil.

And once again the rule applies that the
smaller sensor format has the smaller entrance
pupil if it has the same angular field and the
same aperture. The acceptable object-side
circle of confusion is therefore already in
smaller object fields, meaning it is reached at a
shorter distance.

Looking at the cones of light we can easily see
that the front end of the depth of field is
located at half of the hyperfocal distance. That
is because the beam cone, whose rear
extension is as large as the entrance pupil in
the hyperfocal object plane, has its point right
in the middle between the entrance pupil and
the object plane.

At this point we should make an exception
and use a few formulas, because they are
the most important ones of the whole topic
and are also so simple that we can
calculate them in our head:

S
k

The diameter of the entrance pupil is the focal length
divided by the f-number k

VA =EP=M .7

hyperfocal

The object-side circle of confusion Z at hyperfocal
distance is as large as the entrance pupil, and the
image-side circle of confusion z’ results from it through
the magnification M

M ~ Dist
fl

The magnification is approximately the ratio of the
distance and the focal length; from that follows:

)

D I st hyperfocal 7 ' k

EP = diameter of the entrance pupil, f' = focal length,

k = f-number, M = magnification,

Z = object-side circle of confusion, z’ = image-side
circle of confusion, Dist = distance

N

field at hyperfocal distance

front edge of depth

Carl Zeiss
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It is especially easy to do calculations with these sizes if we relate everything to the diagonal of the
sensor format (D); then the formula of the hyperfocal distance looks more complicated at first but
finally results in very easy numbers that can actually be used to calculate the hyperfocal distance in
our heads:

. D D (fY
DISthyperfocaI z?? B

A 35 mm format lens with the focal length f = 85 mm and f-number k=2, a sensor diagonal
of 43 mm, and a requested circle of confusion diameter of D/1500 results in:

Dist ~1.500-21.5-(2)" =129m

hyperfocal

(The factor of 1.5 must actually be doubled for the highest sharpness requirements!)

1000

k/D = 0.025

k/D = 0.035

k/D = 0.05

k/D = 0.07

for

100

—k/D=0.1

=—=k/D =0.14

k/D =0.2

Diagonal/1500

k/D = 0.28

Diagonal Field Angle []

z'

10 kD = 0.4

Hyperfocal Distance [m]

k/D = 0.56

—k/D=0.8

e=—k/D =1.13

——Field Angle

Ratio: Focal length / Image diagonal /D

Those who want to avoid the calculations can also use this chart that universally applies to all
formats because the aperture and focal length are not absolute but rather related to the diagonal of
the sensor format. The short telephoto lens in the example above has a focal length twice as long
as the sensor diagonal; the f-number 2 is about 1/20 (=0.05) of the diagonal: so we can find the
hyperfocal distance by starting from 2 on the horizontal scale and moving upward until we reach the
thin yellow line for k/D=0.05.

The hyperfocal distance is often underestimated; in order to check whether the infinity alignment of

a lens and a camera is correct, one has to look for very distant objects in case of longer focal
lengths.

Carl Zeiss Camera Lens Division 13



The hyperfocal distance is a type of key variable for calculating the depth of field - if we know it,
then we can calculate the depth of field for any distance from that alone. That is because it is the
product of three ratios (see previous page) so it includes everything that we need for our
conception of "object-side circles of confusion":

= The ratio of the focal length and the sensor diagonal determines how fast the object field
becomes larger with increasing distance from the camera.

= The ratio of the focal length and the f-number determines the diameter of the entrance
pupil, and therefore how narrow the light cones are from points outside the focal plane.

= The ratio of the sensor diagonal and diameter of the circle of confusion determines the
acceptable blurriness.

The following chart provides a very simple overview of the magnitudes of depths of field for normal
taking conditions. Each coloured line represents a certain constant depth of field beginning at 1cm
in the upper left-hand corner and ending at 100 meters at the black line. The axes of the chart are
only distances measured in meters, with the focusing distance on the horizontal axis and the
hyperfocal distance on the vertical axis. F-numbers, format sizes, and focal lengths are not listed
because they are already included in the hyperfocal distance. This chart is therefore universal for
all camera formats.

2 1000
—depth=0.01m T

——depth=0.02m
== depth=0.05m
depth=0.1m
depth=0.2m + 100
depth=0.5m
depth=1m
depth=2m
depth=5m 110
— depth=10m i

——depth=20m

Hyperfocal Distance [m]

= depth=50m

——depth=100m

1 10 100
Taking Distance [m]
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Rules of thumb

The hyperfocal distance can be used to give a
few rules of thumb for the depth of field:

"If the focus distance is 1/10 of the
hyperfocal distance, then the depth of field
is 1/5th of the focus distance."”

"If the focus distance is 0.4 times the
hyperfocal distance, then the total depth of
field is of the same amount as the focus
distance."

"If the focus distance is one third of the
hyperfocal distance, then the depth of field
behind the focal plane is twice as large as
the depth forward in front of the focal
plane."

A part of the last rule ("1/3 in front, 2/3 behind")
is often found in photography textbooks. But it
is not generally true. It only applies to a certain
focusing distance for each aperture. The
distribution is more symmetrical at shorter
distances and gradually becomes less
symmetrical at longer distances, which is very
obvious when we approach the hyperfocal
distance.

There is a relationship between the distance
from the camera to the near and far limits of
the depth of field and the focus distance that
applies to all apertures and distances:

i 2 - Near - Far
Dist =
Near + Far

To put that into words, the focus distance is
the product of the near limit and the far limit
divided by the average of the near limit and
far limit. (Also called ‘harmonic mean’, for
example: near limit 3 m, far limit 6 m, focus
distance 4 m, 18 divided by 4.5). From that
we can calculate that the distribution of the
front:back relationship is only 1:2 if the
distance to the far limit is twice as far as to
the near limit. In other words, the total depth
of field is as large as the distance between
the camera and the near limit.

For those who enjoy the beauty of
mathematical relationships, it should be
noted that this is the precisely the case for
the distance where the size of the "object-
side circle of confusion" is 1/3 of the
entrance pupil, therefore 1/3 of the
respective hyperfocal distance.

For a 50 mm lens with 35 mm film format
having a circle of confusion of 0.03 mm and
aperture of 8, the focus distance to fulfil
above condition is 3.5 meters, a standard
picture taking situation. That is why this rule
continues to haunt through the literature.
But it does not generally apply in any way.
The distribution in the close range and
macro range in particular is very
symmetrical. Reversing the lens does not
change anything about this either, but rather
only influences the correction condition.

If we use relatively long focal lengths with a
very large hyperfocal distance, then we
must assume a symmetrical distribution of
the depth of field in front of and behind the
focal plane.
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Close-up

With the usual maximum close-up lens setting
(scale 1:8 to 1:10), and even more with macro
lenses or close-up accessories like extension
rings ore bellows, depth of field becomes very
small. The scales engraved on the lens mount
then only provide little help. For many modern
lenses with their steep distance scales they are
not much more than a useless decoration.

Many explanations of the topic of depth of field
skip over macro photography because the
usual formulas and tables for long distances do
not apply in those cases. At close range, the
lens no longer actually has the f-number that is
engraved on the ring; we have to calculate
using the effective aperture - some cameras
display it, others do not. The amount that this
effective aperture value deviates from the
nominal value depends not only on the scale
but also on the construction of the lens.

Telephoto lenses show a heavier loss of the
effective f-number at close range than
symmetrically constructed lenses do.
Modern macro lenses have lens groups that
move relative to each other in order to keep
the correction stable at all distances. As a
result, their focal length also changes with
the focusing. So there are plenty of
complications.

An extensive and detailed explanation of
the optical rules in macro photography
including the field of magnified imaging
would therefore be too much to cover within
the framework of today's topic.

| would like to at least provide our readers
with the most important figures for our two
2/50 and 2/100 macro lenses for 35 mm
format, first as a graphical overview and
then as a table at the end of the chapter:

Makro-Planar 2/50 and Makro-Planar 2/100 ZF.2 / ZE

2.0

1000 ©
| i

1.8 - E
—_ ()
E 1.6 =+ 100 %
— — ;;
S 14 =
= —
© o £
2] 1.2 + ff =
c w— O
a 5=
= 1.0 + g
S 8
o 0.8 depth at f/2
> 0.6 depth at /8
S depth at f/22
< 4 NN L 01 |
i 0.4 0.1 MP100
0.2 o
0.0 0.01 Working Distance [m]
1 0.1 0.01 —— MP100
Scale Ratio Exposure Compensation
—— MP100

Depth of field, free working distance (without lens hood), and required compensation of exposure of
the two macro planar 2/50 and 2/100 lenses, calculated for 35 mm format and circle of confusion

diameter diagonal/1500.

Carl Zeiss

Camera Lens Division 16




The graph on the previous page is similar to
the one on page 8, although here the depth of
field is not displayed over the focusing distance
but rather the imaging scale or magnification of
two lenses at the same time. The fact that the
same imaging scale is achieved from different
distances can be seen with the two black lines.
The yellow, green, and red lines show the
depth of field for full aperture, f/8 and /22 for
the 2/50. The values for the same apertures of
the 2/100 are drawn as dotted black lines.
These lines are congruent almost everywhere -
another nice proof that the depth of field is
mostly only dependent on the imaging scale.
There are only deviations at the ends: on the
right side at magnification 0.01 and at f/22, the
rear limit of the depth of field comes close to
the "infinity" value for the 2/50.

On the left side at imaging scale 1:2, the 2/100
has a bit more depth of field with the same
nominal value of the f-number, the dotted lines
are just a bit higher than the coloured ones.

Is that a benefit of the optical construction of
the 2/100 in comparison to the 2/50? No,
because the slightly larger depth of field is a
result of the 2/100's loss of speed, which is 1/3
of an aperture stop higher, as we can see with
the blue curves. At image scale 1:2 its
maximum aperture is no longer /2 but rather
/3.6, and with the 2/50 the maximum aperture
is only reduced to f/3.2. This difference
between our two macro lenses is an indication
that depth of field does not come free and we
have to pay for it with exposure time. In fact, a
very fundamental general physical law is
behind it: the law of conservation of energy.

That is because the angular aperture of the
object-side light cone also determines how
much optical radiant energy enters into the
lens. And only this energy can be distributed
onto the image surface. If we compare two
images of the same sensor size, then the one
that needs a longer exposure time with the
same sensitivity has the larger depth of field
because it has collected less energy on the
image-side with a narrower light cone (we must
of course rule out absorption by filters etc. - we
are only dealing with geometric efficiency). The
specific optical construction of a lens is
therefore in the end meaningless for the depth
of field.

Carl Zeiss

Telephoto lens constructions lose more light
at close range; that is because their
entrance pupil is located relatively far back,
so the object-side light cone becomes a bit
narrower if the distances to the object are
similar to the dimensions of the lens. But all
we have to do is simply use a wider
aperture to have the same depth of field as
with a symmetrical lens.

Different sensor formats with the same
sensitivity have the same object-side
depth of field if their exposure times
have the same ratio as their sensor
areas. That is because the same depth of
field means that the same amount of energy
is collected from the object for both pictures;
if this energy is distributed across a sensor
area twice as large, the light intensity is
divided in half and an exposure time twice
as long is required.

When practically all formats worked with the
same emulsions in analogue photography,
this meant that small formats were always
advantageous if a large depth of field had to
be achieved at fast shutter speeds. If the
signal-to-noise ratio of the sensor increases
with the format size, which is to some
amount the case with digital cameras, then
we can compensate for the increased need
for light of the larger format for the same
depth of field by increasing the sensitivity.

If we put aside the requirements of offhand
photography and photograph static objects
using a tripod so that the exposure time can
be any length, then there is no difference at
all between different film formats with
regard to the maximum achievable depth of
field.

Because light travels in waves, the
diffraction determines how far we can close
the aperture without losing picture quality in
the end. It ensures that a picture element
creates an Airy disk whose diameter in
micrometers is about the same as the f-
number. The relative size of the Airy disk
with regard to the format therefore allows
for smaller apertures with a larger format.
All formats have the same depth of field
at the diffraction limit.
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Makro-Planar 2/50

Scale EC
[EV]

1: 100 0.1
1: 50 0.1
1: 40 0.2
1: 30 0.2
1. 25 0.2
1: 20 0.2
1: 15 0.3
1: 12 0.3
1: 10 0.4
1.8 0.5

1.6 0.6

1.5 0.7

1.4 0.8

1: 3 1.0

1. 25 1.2
1.2 1.4

Makro-Planar 2/100

Scale EC
[EV]

1: 100 0.1
1: 50 0.2
1: 40 0.2
1: 30 0.2
1: 25 0.2
1: 20 0.3
1: 15 0.4
1: 12 0.4
1: 10 0.5
1:8 0.6

1: 6 0.7

1.5 0.9

1.4 1.0

1: 3 1.3

1. 25 15
1: 2 1.7

WD
[m]
5.15
2.57
2.06
1.54
1.28
1.02
0.77
0.61
0.51
0.41
0.30
0.25
0.20
0.15
0.12
0.10

WD
[m]
9.81
4.93
3.96
2.98
2.50
2.01
1.52
1.23
1.03
0.84
0.64
0.54
0.45
0.35
0.30
0.25

k=2
118
29.5
19.0
10.8
7.5
4.9
2.8
1.8
13
0.83
0.48
0.34
0.22
0.13
0.09
0.06

k=2
117
29.6
19.1
10.9
7.6
4.9
2.8
1.9
13
0.87
0.51
0.37
0.24
0.14
0.10
0.06

2.8
167
41.4
26.6
15.1
105
6.8
3.9
25
1.8
117
0.72
0.48
0.31
0.18
0.12
0.08

2.8
164
41.5
26.7
15.2
10.7
6.9
4.0
2.6
19
1.22
0.72
0.51
0.34
0.20
0.14
0.09

4
245
59.6
38.2
21.6
15.1
9.7
5.6
3.6
25
1.67
0.97
0.68
0.45
0.26
0.18
0.11

236
59.3
38.2
21.8
15.3
9.9
5.7
3.7
2.6
1.74
1.02
0.73
0.49
0.28
0.20
0.12

Total Depth-of-Field [cm]

5.6
361
84
54
30.4
21.2
13.7
7.8
5.1
3.6
2.33
1.35
0.96
0.63
0.36
0.25
0.15

8
581
124

78
44
30.4
19.6
11.2
7.3
5.1
3.33
1.93
1.37
0.90
0.51
0.36
0.22

11
1026
179
111
61
42
27.1
154
10.0
7.0
4.59
2.66
1.88
1.23
0.71
0.49
0.30

Total Depth-of-Field [cm]

5.6
335
83
54
30.5
21.4
13.9
8.0
582
3.7
2.44
1.43
1.02
0.68
0.40
0.28
0.17

8
493
120

77
a4
30.6
19.8
11.4
75
5.3
3.48
2.05
1.46
0.97
0.57
0.40
0.25

11
715
167
107

60

42
27.3
15.7
10.3
7.3

4.79
2.81
2.01
1.33
0.78
0.55

16
4592
294
174
93
63
40
22.7
14.6
10.3
6.70

16
1198
251
158
89
62
40
22.9
15.0
10.6

22

22

UF

15.4
15.3
15.2
15.0
14.9
14.8
14.5
14.3
14.0
13.7
13.1
12.7
12.2
11.3
10.7
9.9

UF

15.4
151
15.0
14.8
14.7
14.5
14.1
13.8
135
131
12.4
11.9
11.2
10.3
9.6
8.8

Depth-of-field tables for the Makro-Planar 2/50 and 2/100 lenses. The f-numbers are the engraved
numbers. EC is the required exposure compensation in aperture stops [EV], WD is the free working

distance measured from the focal plane to the filter thread of the lens.

UF is the useful f-stop, where an MTF-figure of 10% for 90 linepairs/mm is achieved due to
limitations by diffraction. This means that even with 24MP full frame cameras there is only a very
small loss of sharpness that can still be balanced out with digital edge enhancement. Combinations
of scale and f-number that no longer meet this requirement are listed in gray in the table. The depth
of field is calculated for the standard 0.03 mm circle of confusion in 35 mm format. The best

performance with the useful f-stop is not achieved in the total depth, of course.
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The diameter of the circle of confusion

All of the curves and tables shown so far have
been calculated assuming a circle of confusion
diameter that fits 1,500 times into the diagonal
of the image. But we must explain why this size
is so often chosen and why we should
sometimes choose another one. Depth of field
is the result of an arbitrary specification, or
rather it depends on the viewing conditions.
Whether we tolerate a small or large amount of
blurriness has no influence on the fundamental
characteristics of the depth of field.

The human eye will not perceive any loss of
sharpness in an image if the power of the eye
is the only thing determining which smallest
details can be recognized. On the other hand
the eye will perceive an image as blurry if the
eye is capable of seeing significantly more than
is shown. The resolution that the eye can
recognize must be the benchmark.

If we test the ability of the eye to recognize
resolution with periodic black & white patterns,
then we see that normally performing test
subjects have a limit of approximately 8 line
pairs per mm that they can recognize if the test
pattern is within a distance of 250 mm from the
eye. At longer distances, of course the eye is
less capable of recognizing as much; at two
meters away it is barely possible to distinguish
a pattern with one pair of lines per mm from a
simple gray surface of the same shape. This
experiment can be done easily using the lines
on aruler.

If we want to describe the performance of the
eye independently of its distance from the
object, then we use the angular resolution. It
thereby matches the numbers above, that the
eye can distinguish the smallest details from
one another if they appear at a visual angle of
one arc minute. This is the physiological
critical angle of the human eye.

If we look at a 12x18 cm picture, for example a
5x magnification from the completely used 35
mm format viewed from a 25 cm distance, then
we see 1/3000 of the diagonal of this picture at
a visual angle of one arc minute.

That means that our eye would not even notice
if the picture had a higher sharpness. This
circle of confusion is therefore the strictest
sensible requirement for the given viewing
conditions.
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We could of course magnify the negative or
sensor image even more, for instance 20
times to the poster size of 48x72 cm. In
digital photography that can be done with
just a few mouse clicks. Then we can
already view 1/3000 of the picture diagonal
at a visual angle of four arc minutes if we
are still viewing the image from 25 cm
away; the eye can then see much smaller
details.

However, the entire image width then
appears to us at an angle of 110°; we
cannot overlook that entirely and still see
the smallest details everywhere in the
image at the same time. If we look at it in
this way then our eyes must wander about
in the image, and they see details but not
the entire image.

If we look at the poster from 1 meter away,
however, then we are looking at the image
width at an angle of 40° - such as with a
12x18 cm image from 25 cm away - which
we can comfortably view in its entirety.

Whenever we observe images in this way,
then 1/3000 of the picture diagonal is the
strictest sensible requirement for the circle
of confusion diameter. A circle of confusion
twice as large, 1/1500 of the diagonal,
viewed at a visual angle of 2 arc minutes,
still provides a satisfying sharpness even
then; this requirement corresponds
approximately to the often used 0.03 mm
circle of confusion for the 35 mm format.

But we must not forget that our
expectations for the image sharpness can
no longer be met with this usual circle of
confusion if we make cropped enlargements
or view the details in large prints. After a
20x magnification we see the 0.03 mm
criterion of the 35 mm format from a
distance of 25 cm at a visual angle of over 8
arc minutes — it appears to be blurred.
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In the 50s, the depth of field for 35 mm lenses
was often calculated with a circle of confusion
of 0.05 mm, meaning 1/865 of the picture
diagonal. This can be viewed at 2 arc minutes
if we look at a 10x15 cm postcard image from a
distance of 35 cm. In those days of amateur
photography, that corresponded to the
somewhat more discerning viewing habits
when it was still most common to paste contact
prints from roll-film cameras into photo albums.

The depth of field is therefore a rather fuzzy
dimension that depends heavily on the viewing
conditions. Strictly speaking we can even find
reasons for to use different circle of confusion
sizes for different focal lengths of a camera:

If we view images "from the right
perspective”, meaning closer to the same
angle at which they were really viewed by
the camera when they were taken, then we
must view the wide-angle images from a
closer distance than images from normal or
telephoto lenses. As a result, we must
calculate the depth of field in wide-angle
images using smaller circles of confusion.
The depth of field was calculated more
discerningly for the DISTAGON 4/40 from
the old C series for the HASSELBLAD than
for all other lenses in the series. Because
even without viewing them from the right
perspective, the details that interest us in
wide-angle images are usually smaller and
therefore place stricter requirements on the
sharpness of the image.

How precise are tables and depth of field calculators?

Usually most tables pretend to have a
precision that is neither available nor sensible
in reality. That is partly because the values
calculated in the tables are based on the
arbitrary  specification of a limit value
(acceptable circle of confusion diameter).

In reality, however, the sharpness is
continuously changing in the depth and its
subjective perception is also somewhat based
on the image content in addi