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In optics, particularly film and photography, ttepth of field (DOF) is the distance in E Photography Portal

front of and beyond the subject that appears to becus.
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Apparent sharp focus

Precise focus is possible at only one distanctzat
distance, a point object will produce a point image
any other distance, a point objectleocused, and will

produce a circular image. However, when the cile

"r
: : : TAL

ddintance opposy
g arce using. 1If yvou the
rhe depth of field wiY
ce to infinity.< For

pmera has a hyperh

s I.u Me a2l 1N fees,

A macro photograph with very small depth of field.

meerforcal

Effect of aperture on blur and DOF. The pointsdaus @)
project points onto the image plar®, (out points at
different distancesl(and3) project blurred images, or
circles of confusion. Decreasing the aperture @eeduces
the size of the blur circles for points not in tbeused plane,
so that the blurring is imperceptible, and all poiare within
the DOF.

sufficiently small, it is indistinguishable frompmint, and appears to be in focus; it is rendesctheceptably
sharp”. The diameter of the circle increases wisitathce from the point of focus; the largest citblat is
indistinguishable from a point is known as tweeptable circle of confusion, or informally, simply as theircle of
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confusion. The acceptable circle of confusionnfluenced by visual acuity, viewing conditionsdathe amount k
which the image is enlarged. The increase of tfetecdiameter with defocus is gradual, so the bnoit depth of
field are not hard boundaries between sharp andanps

Several other factors, such as subject matter, mewng and the distance of the subject from the canadso
influence when a given defocus becomes noticeable.

For a 35 mm motion picture
the image area on the
negative is roughly 22 mm
by 16 mm (0.87 in by

0.63 in). The limit of
tolerable error is usually se
at 0.05 mm (0.002 in)
diameter. For 16 mm film,

where the image area is <—Depth of Field —=

smaller, the tolerance is

stricter, 0.025 mm The area within the depth of field appears sharjtevthe areas in front of and beyond the
(0.001 in). Standard depth- depth of field appear blurry.

of-field tables are

constructed on this basis,

although generally 35 mm productions set it at 5.0#n (0.001 in). Note that the acceptable circleaffusion
values for these formats are different becauskeofdlative amount of magnification each format néed in
order to be projected on a full-sized movie screen.

(A table for 35 mm still photography would be sonheivdifferent since more of the film is used focleamage
and the amount of enlargement is usually much)less.

The image format size also will affect the deptliefd. The larger the
format size, the longer a lens will need to bedptare the same
framing as a smaller format. In motion pictures,drample, a frame
with a 12 degree horizontal field of view will raggia 50 mm lens on
16 mm film, a 100 mm lens on 35 mm film, and a %@ lens on
65 mm film. Conversely, using the same focal lengtts with each of
these formats will yield a progressively wider ireags the film format
gets larger: a 50 mm lens has a horizontal field®iv of 12 degrees
= on 16 mm film, 23.6 degrees on 35 mm film, and S&grees on

1611 8 56 4 282001 65 mm film. What this all means is that becausdahger formats
mow o e ss s Eio require longer lenses than the smaller ones, thikpecordingly have
: a smaller depth of field. Therefore, compensatiarexposure,
framing, or subject distance need to be made iardaimake one
format look like it was filmed in another format.

A 35 mm lens set tt11. The depth-of-
field scale (top) indicates that a subject

which is anywhere between 1 and 2 EffeCt Of f-
meters in front of the camera will be

rendered acceptably sharp. If the aperture number
were set tg/22 instead, everything from

0.7 meters to ir_1finity would appearto be  Eqr a given subject framing
in focus, the DOF is controlled by the
lens f-number. Increasing tf
f-number (reducing the aperture diameter) incretmeBDOF; however,
it also reduces the amount of light transmitted|, mcreases diffraction,
placing a practical limit on the extent to whicle #yperture size may be
reduced. Motion pictures make only limited usehi$ tontrol; to
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produce a consistent image quality from shot td,sfioematographers
usually choose a single aperture setting for iaterand another for
exteriors, and adjust exposure through the usaroeca filters or light
levels. Aperture settings are adjusted more fretiyenstill
photography, where variations in depth of field ased to produce a
variety of special effects.

Camera movements and DOF

When the lens axis is perpendicular to the imagaelas is normally
the case, the plane of focus (POF) is paralldhéamage plane, and the
DOF extends between parallel planes on eitherdfitlee POF. When
the lens axis is not perpendicular to the imagagléhe POF is no
longer parallel to the image plane; the abilitydtate the POF is knowr
as the Scheimpflug principle. Rotation of the POBdcomplished with
camera movements (tilt, a rotation of the lens &lbdwrizontal axis, or
swing, a rotation about a vertical axis). Tilt aawing are available on
most view cameras, and are also available withispénses on some
small- and medium-format cameras.

When the POF is rotated, the near and far limitS©f are no longer
parallel; the DOF becomes wedge-shaped, with te& apthe wedge
nearest the camera. With tilt, the height of theFD@creases with
distance from the camera; with swing, the widtthaef DOF increases
with distance.

Rotating the POF with tilt or swing (or both) camised either to
maximize or minimize the part of an image that ighim the DOF.

Limited DOF: sdlective focus

Depth of field can be anywhere from a fraction ofhiflimeter to
virtually infinite. In some cases, such as landssafi may be desirable
to have the the entire image in focus, and a |IBXQE€ is appropriate. In
other cases, artistic considerations may dictatedhly a part of the
image be in focus, emphasizing the subject whilerdphasizing the
background, perhaps giving only a suggestion ottheronment
(Langford 1973, 81). For example, a common techaigumelodramas
and horror films is a closeup of a person's fadth ®omeone just behin
that person visible but out of focus. A portraitctmseup still photograph
might use a small DOF to isolate the subject frodis&racting
background. The use of limited DOF to emphasizepareof an image
is known assel ective focus or differential focus.

Although a small DOF implies that other parts & titmage will be
unsharp, it does not, by itself, determhwsv unsharp those parts will b
The amount of background (or foreground) blur delsean the distance
from the plane of focus, so if a background is eltzsthe subject, it may
be difficult to blur sufficiently even with a smdlOF. In practice, the
lensf-number is usually adjusted until the backgrountboeground is
acceptably blurred, often without direct concemtfe DOF.

Sometimes, however, it is desirable to have thieeestibject sharp whilc
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ensuring that the background is sufficiently unph&¥hen the distance
between subject and background is fixed, as isdlse with many At f/32, the background is distracting.
scenes, the DOF and the amount of background @un@ independen
Although it is not always possible to achieve bibih desired subject
sharpness and the desired background unsharpeesgalgechniques
can be used to increase the separation of subjddbackground.

For a given scene and subject magnification, tl&draund blur
increases with lens focal length. If it is not imfamt that background
objects be unrecognizable, background de-emphasibe increased by
using a lens of longer focal length and increa#iirgsubject distance tc
maintain the same magnification. This techniqueiireg that sufficient
space in front of the subject be available; moreawe perspective of
the scene changes because of the different carositgop, and this may
or may not be acceptable.

At /5.6, the flowers are isolated from
the background.

The situation is not as simple if it is importaimat a background object,
such as a sign, be unrecognizable. The magnificatidackground
objects also increases with focal length, so withtechnique just
described, there is little change in the recogniitglof background
objects. However, a lens of longer focal length rsi@ybe of some help
because of the narrower angle of view, a slighhgkaf camera
position may suffice to eliminate the distractirigext from the field of
view.

Although tillt anq §wing are normally used to mazrzienthe pgrt Qf the. At £/2.8, the cat is isolated from the
image that is within the DOF, they also can be psedombination with background.

a smallf-number, to give selective focus to a plane thdt is

perpendicular to the lens axis. With this technjquis possible to have

objects at greatly different distances from the eanin sharp focus and Above: Selective focus

yet have a very shallow DOF. The effect can beaé@sténg because it

differs from what most viewers are accustomed &ngp

Hyperfocal distance

The hyperfocal distance is the nearest focus distabhwhich the DOF extends to infinity; focusihg tamera at
the hyperfocal distance results in the largestiptesdepth of field for a givefinumber. Focusingeyond the
hyperfocal distance does not increase the far D@iich already extends to infinity), but it does dEsethe DOF

in front of the subject, decreasing the total DO&ine photographers refer to this as “wasting D@BWyever, se
The object field method below. Focusing ahead of the hyperfocal distanceeases the DOF ahead of the subject,
but decreases DOF beyond the subject, includingctdbpear infinity. Of course, this latter approawy be
appropriate for images that do not extend to itfini

The object field method

Traditional depth-of-field formulae and tables asswequal circles of confusion for near and far cisjeSome
authors, such as Merklinger (19§§)have suggested that distant objects often nebd much sharper to be
clearly recognizable, whereas closer objects, blairgger on the film, do not need to be so sharp. [dks of detail
in distant objects may be particularly noticeabithwextreme enlargements. Achieving this additistarpness in
distant objects usually requires focusing beyomrdhyperfocal distance, sometimes almost at infifityr
example, if photographing a cityscape with a tcaffollard in the foreground, this approach, terrniexbbject field
method by Merklinger, would recommend focusing very clesénfinity, and stopping down to make the bollard

http://en.wikipedia.org/wiki/Depth_of fie 30/07/200



Depth of field- Wikipedia, the free encyclope! Page5 of 19

sharp enough. With this approach, foreground objeahnot always be made perfectly sharp, but gsedd
sharpness in near objects may be acceptable jnegability of distant objects is paramount.

Moritz von Rohr also used an object field methad, Unlike Merklinger, he used the conventionalesidan of a
maximum circle of confusion diameter in the imad¢gnp, leading to unequal front and rear depthsetd.f

Near:far distribution

The DOF beyond the subject is always greater thamOF in front of the subject. When the subjecttithe
hyperfocal distance or beyond, the far DOF is itdinas the subject distance decreases, near:f&r
increases, approaching unity at high magnificatidre oft-cited “rule” that 1/3 of the DOF is in fibof the
subject and 2/3 is beyond is true only when thgestildistance is 1/3 the hyperfocal distance.

Depth of field formulae

The basis of these formulae is given in the sedienivation of the DOF formulal8! refer to the diagram in that
section for illustration of the quantities discus&elow.

Hyperfocal Distance

Let f be the lens focal length be the lens f-number, ade the circle of confusion for a given image forma
The hyperfocal distandé is given by

f?

H =~
Ne

M oder ate-to-lar ge distances

Let s be the distance at which the camera is focused‘étibject distance”). Whesis large in comparison with
the lens focal length, the distariog from the camera to the near limit of DOF and tistashceD - from the
camera to the far limit of DOF are

Hs
H+ s

Hs
Dy ~ i for s < H

_:g

N~

When the subject distance is the hyperfocal digtanc

DF=DO
H
DN=2

The depth of fieldg - D, is

2H s*
DOF = m fors < H

Fors = [, the far limit of DOF is at infinity and the DOF iisfinite; of course, onl objects at or beyond tt
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near limit of DOF will be recorded with acceptablerpness.
Substituting foH and rearranging, DOF can be expressed as

2Nef?s?

DOF &~ 5

Thus, for a given image format, depth of field edetmined by three factors: the focal length oflémes, thef-
number of the lens opening (the aperture), anddneera-to-subject distance.

Close-up

When the subject distans@approaches the focal length, using the formulaergabove can result in significant
errors. For close-up work, the hyperfocal distamae little applicability, and it usually is morems@nient to
express DOF in terms of image magnification. indie the magnification; when the subject distancamall in
comparison with the hyperfocal distance,

DOF ~ 2Ne (m ',, 1) ,

=

so that for a given magnification, DOF is indepertd® focal length. Stated otherwise, for the sangect
magnification, all focal lengths give approximatditg same DOF. This statement is tonky when the subject
distance is small in comparison with the hyperfatstance, however.

The discussion thus far has assumed a symmeeitafbr which the entrance and exit pupils coinevitd the
front and rear nodal planes, and for which the lpmpignification (the ratio of exit pupil diameterthat of the

entrance pupiﬁ] is unity. Although this assumption usually is i@a@able for large-format lenses, it oftsninvalid
for medium- and small-format lenses.

Whens < [1 , the DOF for an asymmetrical lens is

2N¢(1 + m/P)

m2

DOF =~

1

whereP is the pupil magnification. When the pupil magesfiion is unity, this equation reduces to thatafor
symmetrical lens.

Except for close-up and macro photography, thecetitlens asymmetry is minimal. At unity magnifiicen,
however, the errors from neglecting the pupil magaiion can be significant. Consider a telephetas|withP =

0.5 and a retrofocus wide-angle lens Witk 2, atm = 1.0. The asymmetrical-lens formula gives DORNe énd
DOF = ¢, respectively. The symmetrical-lens formula gil2€3F = ANc in either case. The errors are —33% and
33%, respectively.

Focus and f-number

Not all images require that sharpness extend toityf for given near ar far DOF limitsDy; andD¢, the required
f-number is smallest when focus is set to

. 2Dy De
‘ Dy + Dg

When the subject distance is large in comparisah the lens focal length, the requifedumber is
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N ~ E—DF — Dn
- C QDNDP

In practice, these settings usually are determamethe image side of the lens, using measurementseobed or
rail with a view camera, or using lens DOF scalesmanual-focus lenses for small- and medium-forcaateras.
If vy, andv are the image distances that correspond to theaneifar limits of DOF, the requirdehumber is
minimized when the image distances

UN + UF UN — UF
v ——— = f ————
2 2

In practical terms, focus is set to halfway betwt#ennear and far image distances. The reqdireonber is

;o Un —UF
N~ —
2c

The image distances are measured from the canmeege plane to the lens's image nodal plane, whkiolot

always easy to locate. In most cases, focud-anber can be determined with sufficient accuraing the
approximate formulae above, which require onlydliierence between the near and far image distaneas
camera users often refer to the differemge- v as thefocus spread. Most lens DOF scales are based on the sam:
concept.

Foreground and background blur

If a subject is at distanceand the foreground or background is at distdhclet the distance between the subject
and the foreground or background be indicated by

rq = |D — s

The blur disk diametdy of a detail at distancg, from the subject can be expressed as a functitimedbcal
length, subject magnification, afchumber according to

o f g Ld

b
N s+mx4

The minus sign applies to a foreground object,thedlus sign applies to a background object.

The blur increases with the distance from the supyehenb < ¢ | the detail is within the depth of fiedohd the
blur is imperceptible. If the detail is only sligghbutside the DOF, the blur may be only barelycpetible.

For a given subject magnificatioRpnumber, and distance from the subject of the fana@gd or background detail,
the degree of detail blur varies with the lens fdeagth. For a background detail, the blur incesawith focal
length; for a foreground detail, the blur decreasg#is focal length. For a given scene, the posgiohthe subject,
foreground, and background usually are fixed, &eddistance between subject and the foregroundakgoound
remains constant regardless of the camera posfktmmever, to maintain constant magnification, thieject
distance must vary if the focal length is chandex.small distance between the foreground or backyt detail,
the effect of focal length is small; for large diste, the effect can be significant. For a readgrthstant
background detail, the blur disk diameter is

fmg

b ——
N
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depending only on focal length.
The blur diameter of foreground details is vergéaif the details are close to the lens.
The ratiob / ¢ is independent of camera format; the blur then terms of circles of confusion.

The magnification of the detail also varies witkedblength; for a givenetail, the ratio of the blur disk diamete!
imaged size of the detail is independent of foeabth, depending only on the detail size and gtadce from the
subject. This ratio can be useful when it is imaotithat the background be recognizable (as usisalhe case in
evidence or surveillance photography), or unrecaie (as might be the case for a pictorial phatplger using

selective focus to isolate the subject from a diding background). As a general rule, an objeaésgnizable if

the blur disk diameter is one-tenth to one-fifte #ize of the object or smaller (Williams 1990, Bﬁkand
unrecognizable when the blur disk diameter is thjea size or greater.

The effect of focal length on background blur igstrated in van Walree's article on Depth of field
(http://www.vanwalree.com/optics/dof.html#backgrdbtur).

Practical complications

The distance scales on most medium- and small-fdienaes indicate distance from the camera’s impéaye.
Most DOF formulae, including those in this artiakse the object distansdrom the lens's object nodal plane,
which often is not easy to locate. Moreover, fongnaoom lenses and internal-focusing non-zoom kertke
location of the object nodal plane, as well as fteragth, changes with subject distance. When tigest distance
is large in comparison with the lens focal lengftie, exact location of the object nodal plane isaniical; the
distance is essentially the same whether meastoedthe front of the lens, the image plane, oratteial nodal
plane. The same is not true for close-up photograghunity magnification, a slight error in thecadion of the
object nodal plane can result in a DOF error graatn the errors from any approximations in theFDgEguations.

The asymmetrical lens formulae require knowledghefpupil magnification, which usually is not sified for
medium- and small-format lenses. The pupil magation can be estimated by looking into the frord egar of
the lens and measuring the diameters of the apipapentures, and computing the ratio (rear dianditeded by

front diameterf’] However, for many zoom lenses and internal-foausion-zoom lenses, the pupil magnification
changes with subject distance, and several measatsmay be required.

Limitations
Most DOF formulae, including those discussed i #rticle, employ several simplifications:

1. Paraxial (Gaussian) optics is assumed, and tealhnithe formulae are valid only for rays thag ar
infinitessimally close to the lens axis. Howeveaussian optics usually is more than adequate for
determining DOF, and non-paraxial formulae areisigifitly complex that requiring their use would reak
determination of DOF impractical in most cases.

2. Lens aberrations are ignored. Including the ¢ffe€ aberrations is nearly impossible, becausegiso
requires knowledge of the specific lens design.a&dwer, in well-designed lenses, most aberratioasvail
corrected, and at least near the optical axisnaite almost negligible when the lens is stoppedd®-3
steps from maximum aperture. Because lenses usualbfopped down at least to this point when DOF
interest, ignoring aberrations usually is reasamdlbt all aberrations are reduced by stopping down
however, so actual sharpness may be slightly kess predicted by DOF formulae.

3. Diffraction is ignored. DOF formulae imply thatyaarbitrary DOF can be achieved by using a sfitty
large f-number. Because of diffraction, howeveis thn't quite true. Once a lens is stopped dowmhere
most aberrations are well corrected, stopping dusther will decrease sharpness in the centerefidgid.
At the DOF limits, however, further stopping dowecdeases the size of the defocus blur spot, and the
overall sharpness may increase. Consequently, ctgpasf-number sometimes involves a tradeoff between
center and edge sharpness, althiviewers typically prefer uniform sharpness tolsig greater cent
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sharpness. The choice, of course, is subjectivepaay depend upon the particular image. Eventuthldy,
defocus blur spot becomes negligibly small, anth&rrstopping down serves only to decrease shapnes
even at DOF limits. Typically, diffraction at DORnits becomes significant only at fairly larg@umbers;
because largenumbers typically require long exposure times,iomblur often causes greater loss of
sharpness than does diffraction. Combined defocdgldfraction is discussed in Hansma (1996) and in
Conrad's Depth of Field in Depth (http://www.largehatphotography.info/articles/DoFinDepth.pdf) (PDF
and Jacobson's Photographic Lenses Tutorial (lttpw.fags.org/fags/rec-photo/lenses/tutorial/).

4. Post-capture manipulation of the image is ignoBdhrpening via techniques such as deconvolution o
unsharp mask can increase the DOF in the finafje, particularly when the original image hdarge DOF
Conversely, noise reduction can reduce the DOF.

5. For digital capture with color filter array sersademosaicing is ignored. Demosaicing alone would
normally reduce the DOF, but the demosaicing allgoriused might also include sharpening.

The lens designer cannot restrict analysis to Gasgptics and cannot ignore lens aberrations. KMewéhe
requirements of practical photography are less deimg than those of lens design, and despite thplgications
employed in development of most DOF formulae, tHesaulae have proven useful in determining camera
settings that result in acceptably sharp pictuteshould be recognized that DOF limits are nothaoundaries
between sharp and unsharp, and that there isguil® in determining DOF limits to a precisionrofny
significant figures.

DOF vs. format size

To a first approximation, DOF is inversely propornal to format size. More precisely, if photographth the
same final-image size are taken in two differemhegn formats at the same subject distance witsdahe field of
view andf-number, the DOF is, to a first approximation, irsedy proportional to the format size. Strictly
speaking, this is true only when the subject distan large in comparison with the focal length anmll in
comparison with the hyperfocal distance, for battmfats, but it nonetheless is generally usefut@nparing
results obtained from different formats

To maintain the same field of view, the lens fdealgths must be in proportion to the format sizesuming, for
purposes of comparison, that the 4x5 format is fimoes the size of 35 mm format, if a 4x5 cameedus

300 mm lens, a 35 mm camera would need a 75 mnfdetise same field of view. For the safmeumber, the
image made with the 35 mm camera would have fouegithe DOF of the image made with the 4x5 camera.

In many cases, the DOF is fixed by the requiremehtse desired image. For a given DOF and fieldiei, the
requiredf-number is proportional to the format size. Formegke, if a 35 mm camera requirff.1, a 4x5 camera
would requiref/45 to give the same DOF. For the same 1SO spee@xhosure time on the 4x5 would be sixteen
times as long; if the 35 camera required 1/250rs@cthve 4x5 camera would require 1/15 second. hdwvi
conditions, the exposure time with the larger canmeight allow motion blur. Adjusting tHfenumber to the

camera format is equivalent to maintaining the sabsolute aperture diameter.

The greater DOF with the smaller format can beeeitin advantage or a disadvantage, depending ale#ed
effect. For the same amount of foreground and backgl blur, a small-format camera requires a smahembe
and allows a shorter exposure time than a largedbcamera; however, many point-and-shoot digédaieras
cannot provide a very shallow DOF. For examplegiatpand-shoot digital camera with a 1/1.8&ensor

(7.18 mm x 5.32 mm) at a normal focal length #218 has the same DOF as a 35 mm camera with a hiznmsa

atf/13.

In some cases, camera movements (tilt or swingpeaised to better fit the DOF to the scene, ahtkae the
required sharpness at a smafleumber.

Photolithography
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In semiconductor photolithography applications,tteg field is extremely important as integratertuit layout
features must be printed with high accuracy ateemély small size. The difficulty is that the waserrface is not
perfectly flat, but may vary by several micrometiggen this small variation causes some distotitiche
projected image, and results in unwanted variationise resulting pattern. Thus photolithographgiaaers take
extreme measures to maximize the optical deptrelf 6f the photolithography equipment. To minimthes
distortion further, chip makers like IBM are forceduse chemical mechanical polishing machinesdkenthe
wafer surface even flatter before lithographic graiing.

Ophthalmology and optometry

A person may sometimes experience better visiaaytight than at night because of an increasedhdgffield
due to constriction of the pupil (i.e., miosis).

Increasing DOF by digital compositing

Focus stacking is a
digital image processing
technique which
combines multiple
images taken at differen
focus distances to give ¢
resulting image with a
greater depth of field
than any of the

individual source image: - :
Available programs for At f/11, the DOF in this image of a Wolf Combining 8 exposures, each takef/Ht,
multi-shot DOF Spider is very limited. gives good DOF.

enhancement include
Helicon Focus and
CombineZM.

Getting sufficient depth of field can be particljyashallenging in macro photography. The imagescgut
illustrate the increase in DOF that can be achidyedombining multiple exposures.

Other digital techniques include wavefront coding @lenoptic cameras.

Derivation of the DOF for mulae

DOF limits

A symmetrical lens is illustrated at right. The gaib at distancs is in focus at image distangePoint objects at
distanced andD, would be in focus at image distanesgsandv,, respectively; at image distancethey are
imaged as blur spots. The depth of field is coteétbby the aperture stop diametewhen the blur spot diameter
is equal to the acceptable circle of confusspthe near and far limits of DOF arelt andDg. From similar
triangles,

ty — ¥ C
Uy d

=1

=By

Uy
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It usually is more

convenient to work with

the lend-number than = DOF = -
the aperture diameter; ti - sl Ll
f-numberN is related to PSSy RS |
the lens focal lengthand T— —1 g — Y |
the aperture diameter s

by B -'.':-'-:-.""_'::-:- "'"‘.-l-“’.-"-":.'.-'..::.::: L1 | !

|

substituting into the B Dy . Vi _
previous equations and

rearranging gives DOF for symmetrical lens.

fu
N = ————
N Ne
fu
"W = —————
f+ Ne

The image distanceis related to an object distane®y the thin-lens equation

1 | 1 1
u v f
substituting into the two previous equations araireenging gives the near and far limits of DOF:
sf?
DN = o T
P4 Ne(s— f)
2
sf=
Dy = !

f? = Ne(s = f)
Hyperfocal distance

Setting the far limit of DO to infinity and solving for the focus distansgives

f?

s=H=1—11,

whereH is the hyperfocal distance. Setting the subjestbdice to the hyperfocal distance and solvinghfemtear
limit of DOF gives

_fwwﬂlf_ﬁ
N ) 2

Dy

For any practical value ¢, the focal length is negligible in comparison tisat
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f?
Ne

H =

Substituting the approximate expression for hypefaistance into the formulae for the near andirfisits of
DOF gives

Hs
D pum—
YCOHA(s-f)
Hs
D prm—
COH—(s—f)
Combining, the depth of fielB. — D is
2Hs(s — f)
DOF = = (5= )2 for s < H

M oder ate-to-lar ge distances

When the subject distance is large in comparisdh thie lens focal length,

Hs
H+ s

Hs
Dy ~ 7 for s < H

— 8

N =

2H s*
DOF = m fors < H

Fors = [, the far limit of DOF is at infinity and the@F is infinite; of course, only objects at or begidhe
near limit of DOF will be recorded with acceptablerpness.

Close-up

When the subject distansapproaches the lens focal length, the focal lengtlonger is negligible, and the
approximate formulae above cannot be used withmtaducing significant error. At close distancés t
hyperfocal distance has little applicability, ahdsually is more convenient to express DOF in seofn
magnification. Substituting

m+ 1

§ = — f
and

f

s—f—m

into the formula for DOF and rearranging gives
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2f(m+ 1)/m
(fm)/(Ne) — (Nc)/(fm)
At the hyperfocal distance, the terms in the demaar are equal, and the DOF is infinite. As thigjesct distance

decreases, so does the second term in the denomiwaens < [ |, the second term becomes small in
comparison with the first, and

DOF ~ 2Ne (m ',, 1) ,

-

DOF =

so that for a given magnification, DOF is indepenrtd# focal length. Stated otherwise, for the sangiect
magnification, all focal lengths for a given imdgemat give approximately the same DOF. This stateins true
only when the subject distance is small in comparisith the hyperfocal distance, however. Multiplyithe
numerator and denominator of the exact formula by

Nem

f

gives

2Ne(m + 1)

v\ 2
2 _ [N
m (f)

Decreasing the focal lengthncreases the second term in the denominatoredsiciy the denominator and
increasing the value of the right-hand side, sodrshorter focal length gives greater DOF. Theafbf focal
length is greatest near the hyperfocal distana gdacreases as subject distance is decreased. EiQuley
near/far perspective will differ for different fddangths, so the difference in DOF may not be itgagpparent.
When the subject distance is small in comparisdh thie hyperfocal distance, the effect of focabkbns
negligible, and, as noted above, the DOF essegnisalhdependent of focal length.

DOF =

Near:far DOF ratio

From the “exact” equations for near and far linetOF, the DOF in front of the subject is

Nes(s — f)
TN PRI NG - )
and the DOF beyond the subject is
Nes(s — f)
P = moNG- D

The near:far DOF ratio is

s—Dx  f?—Ne(s—f)
Dy —s  f2+4 Ne(s = f)

This ratio is always less than unity; at moderatéatge subject distancef << s , and
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s—Dy _f?—Nes H-—s
Dy —s  f2+ Nes H-+s

When the subject is at the hyperfocal distanceegohd, the far DOF is infinite, and the near:fdioré zero. It's
commonly stated that approximately 1/3 of the D®Hifront of the subject and approximately 2/Beyond;
however, this is true only whes == I /3

At closer subject distances, it's often more corerdrto express the DOF ratio in terms of the migation

f
s—f

Substitution into the “exact” equation for DOF cagjives

s—Dy m—Ne/f
Dr—s mH Ne/f

m =

As magnification increases, the near:far ratio apphes a limiting value of unity.
Focus and f-number
Not all images require that sharpness extend toiiyf the equations fc the DOF limits can be combined to

eliminateNc and solve for the subject distance. For given aadrfar DOF limitdDy andDg, the subject distance
is

. 2Dy De
‘ Dy + Dg

The equations for DOF limits also can be combirmeeliminates and solve for the requirdehumber, giving

s Dg — Dy
¢ De(Dy — f) + Dn(Dr — f)

When the subject distance is large in comparisdh thie lens focal length, this simplifies to

N =

- i QDNDF
Most discussions of DOF concentrate on the objdetaf the lens, but the formulae are simpler dred t

measurements usually easier to make on the imelgelvy andv, are the image distances that correspond to th
near and far limits of DOF, the requiredumber is minimum when the image distan¢g

2UNUF
V= —
UN + UF
The required-number is
2
[Pun — v
c N+ Up

_h."

http://en.wikipedia.org/wiki/Depth_of fie 30/07/200



Depth of field- Wikipedia, the free encyclope! Pagels of 19

The image distances are measured from the canmeege plane to the lens's image nodal plane, whkiolot
always easy to locate. In most cases, focud-anber can be determined with sufficient accuraging the
approximate formulae

Ut UN — Up

VR ———— = UF | -
2 2
. Uy — U
N o N : P!
2c
which require only the difference between the ragat far image distances; focus is simply set tomagl between
the near and far distances. View camera users méfento the difference, - v as thefocus spread; it usually is

measured on the bed or focusing rail. On manualdaenall- and medium-format lenses, the focusfananber
usually are determined using the lens DOF scalbghioften are based on the two equations above.

For close-up photography, tfiwumber is more accurately determined using

hr J- ?-JN - ?'JF
1+m 2¢ 7

wherem is the magnification.

Foreground

and Image
background RN

blur B e ; [ S

If the equation e ——— \/ &
for the far limit -

of DOF is 2 Xy -+ §- ~t- wW—
solved forc,
and the far
distance
replaced by an
arbitrary distanc®, the blur disk diametdy at that distance is

_JmsD—s
N D

When the background is at the far limit of DOF, bihar disk diameter is equal to the circle of cadunc, and the
blur is just imperceptible. The diameter of thekmaound blur disk increases with the distance &lthckground.
A similar relationship holds for the foregrounde theneral expression for a defocused object arieD is

_ fms |D — 5]
N D

Defocus blur for background object at B.

b

b

For a given scene, the distance between the sudj€ech foreground or background object is usuatbdf let that
distance be represented by

rq = |D —s

*
L]
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then

bzfmﬂm_d
N D

or, in terms of subject distance,

_fms Iq

b= N stz

with the minus sign used for foreground objects redplus sign used for background objects. Fetaively
distant background object,

fms
N

S

In terms of subject magnification, the subjectatise is

_m,Hll
— -~

5

f,

so that, for a givefrnumber and subject magnification,

f?nﬂ Ld o f?ng Ld
N metlfipn N (mg+1) f£mery

Mg

b —

Differentiatingb with respect td gives

db +mix?

5 d

df N [(ms + 1) f + meza]®

With the plus sign, the derivative is everywhersifyee, so that for a background object, the biskdize
increases with focal length. With the minus sidpe, derivative is everywhere negative, so that flareground
object, the blur disk size decreases with focajtlen

The magnification of the defocused object alsoeswith focal length; the magnification of the drfeed object
is

s (ms+1jf

D D "

My =

wherev, is the image distance of the subject. For a defedwbject with some characteristic dimengiothe
imaged size of that object is

The ratio of the blur disk size to the imaged sizéhat object then is
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b ms Iy

may - ms+ 1 Ny’

so for a given defocused object, the ratio of thue sk diameter to object size is independerfooél length, and
depends only on the object size and its distarora the subject.

The effect of focal length on background blur igstrated in van Walree's article on Depth of field
(http://www.vanwalree.com/optics/dof.html).

Asymmetrical lenses

The discussion thus far has assumed a symmeeitafbr which the entrance and exit pupils coinevitd the
object and image nodal planes, and for which thel poagnification is unity. Although this assumptiasually is
reasonable for large-format lenses, it often islitvfor medium- and small-format lenses.

For an asymmetrical lens, the DOF ahead of theestidjstance and the DOF beyond the subject distarec
given by

Ne(1+ m/P)
m?[L + (Ne)/(fm)]
Ne(1 +m/P)
m?[L — (Ne)/(fm)]’

whereP is the pupil magnification.

DOFy =

DOFr =

Combining gives the total DOF:

2f(1/m+ 1/P)
(fm)/(Nc) — (Ne)/(fm)

Whens < 1, the second term in the denominator becoma#l ;1 comparison with the first, and

2Ne(1 + m/P)

m2

DOF =

DOF =~

When the pupil magnification is unity, the equasidor asymmetrical lenses reduce to those givdreeéor
symmetrical lenses.

Effect of lensasymmetry

Except for close-up and macro photography, thecetitlens asymmetry iminimal. A slight rearrangement of 1
last equation gives

DOF ~ 20V¢ (i | i)

m m P

As magnification decreases, the R term becomes smaller in comparison with thenltérm, and eventually the
effect of pupil magnification becomes negligible.
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Notes

1.

A Englander describes a similar approach in hismpapparent Depth of Field: Practical Use in Langsca
Photography (http://www.englander-workshops.comédaeents/depth.pdf). (PDF); Conrad discusses this
approach, under Different Circles of ConfusionNw&ar and Far Limits of Depth of Field, and The @bje
Field Method, in Depth of Field in Depth
(http://www.largeformatphotography.info/articles/BioDepth.pdf) (PDF)

A Derivations of DOF formulae are given in many $extcluding Larmore (1965) and Ray (2002).
Complete derivations also are given in Conrad'stibepField in Depth
(http://www.largeformatphotography.info/articlesfBlaDepth.pdf) (PDF) and van Walree's Derivation of
the DOF equations (http://www.pinnipedia.org/opticgderivation.html).

~ A well-illustrated discussion of pupils and pumiagnification that assumes minimal knowledge ofaspt
and mathematics is given in Shipman (1977).

A Williams gives the criteria for object recognitionterms of the system resolution. When resoluion
limited by defocus blur, as in the context of D@t resolution is the blur disk diameter; when hason is
limited by diffraction, the resolution is the radiaf the Airy disk, according to the Rayleigh aiba.

" The procedure for estimating pupil magnificatisrdéescribed in detail in Shipman (1977).

A This is discussed in Jacobson's Photographic sehswrial (http://www.fags.org/faqs/rec-
photo/lenses/tutorial/). and complete derivatiomsgaven in Conrad's Depth of Field in Depth
(http://www.largeformatphotography.info/articlesfBloDepth.pdf) (PDF) and van Walree's Derivation of
the DOF quations (http://www.pinnipedia.org/opttsfterivation.html).
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See also

Angle of view

Bokeh

Circle of confusion

Deep focus

Depth-of-field adapter

Depth of focus

Frazier lens (very deep DOF)
Hyperfoca distanc
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Perspective distortion
Shallow focus
Tilted plane focus (rotation of the POF)

External links

Cambridge in Colour tutorial Depth of Field (htfpnvw.cambridgeincolour.com/tutorials/depth-of-
field.htm): illustrations and terminology for phgt@phers

= Depth of field calculator (http://www.dofmaster.ctofjs.html)

Depth of Field explanation and comparison photolgsapttp://www.kevinwilley.com/I3_topic02.htm)

= Depth of Field—the Third Dimension (http://photoga04.blogspot.com/2004/07/depth-of-field-third-

dimension.html)

Luminous Landscape demonstration that all focajtles have approximately the same depth of field
(http://www.luminous-landscape.com/tutorials/dofiemsl) whenf-number and subject image size are
maintained

Explanation of why “all focal lengths have approaiely the same depth of

field” (http://www.dofmaster.com/dof_imagesize.hjrahly under certain conditions

Jeff Conrad's Depth of Field in Depth (http://wwavdeformatphotography.info/articles/DoFinDepth.pdf)
(PDF). Includes derivations of most DoF formulae

Joe Englander's Apparent Depth of Field: Practisd in Landscape Photography (http://www.englander-
workshops.com/documents/depth.pdf) (PDF). Altexaatiriteria for circle of confusion

= David Jacobson's Photographic Lenses Tutorial:(Mtww.fags.org/fags/rec-photo/lenses/tutorial/)

Rik Littlefield's An Introduction to Extended Deptih Field Digital Photography
(http://Iwww.janrik.net/insects/ExtendedDOF/LepSoulNEinal/EDOF _NewsLepSoc_2005summer.htm)
Paul van Walree's Depth of field (http://www.vanie&l.com/optics/dof.html).

= Paul van Walree's DOF with Pupil Magnification gattwww.vanwalree.com/optics/dofderivation.html).

Includes derivation

CombineZ—free software for increasing DoF of digithotos by combining differently focused versiarfs
the same shot (http://www.hadleyweb.pwp.blueyomdeuk/CZM/combinezm.htm)

Justin Snodgrass's Depth of Field Explained Videtp{(//snodart.com/tutorials.php).
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