
  

Color Experience 
 
Draft Chapter 4.  
II.26.23 

Illustrations by the author. 
 
All contents Copyright ©2023 Bruce MacEvoy. 
 
 
 
 

 

 



 

4. Aperture image 

With the tea candle, Bourges cathedral and the contrast structure 
of luminance, we turn to the attribute that makes light so precious: 
the ability of luminous power to create an image.  

All that is necessary to form an image is a number of sources to 
generate light, an aperture to shape each source light into a beam, 
and a surface to transform the collection of beams into an image. A 
focusing lens or a fixed focal length are not necessary. This is the 
principle behind pinhole optics or what I will call small aperture 
projection.  

Small apertures have many practical applications. They have been 
put to work in medical imaging, fiber optics, holography, 
ophthalmology, integrated circuit manufacture and amateur solar 
astronomy; used in teaching optical theory, linear perspective and 
computer graphics; wielded to great artistic effect by 
photographers such as Eric Renner, Nancy Breslin and Abelardo 
Morell.  

The same projective geometry that describes small apertures 
applies to dioptric projection — the formation of images by 
passing light through one or more transparent and refracting 
lenses. To examine these optical systems we require only a single 
modification to the principles of small aperture projection: the 
capability of transparent materials to bend or refract light rays 
according to the angle at which they arrive at a surface. 

Despite the appearance that they are separate topics, the 
diffraction of light described in Chapter 2, the geometry of light in 
space described in Chapter 3, the formation of images through the 
action of an aperture described in this chapter, and light as it forms 
dioptrically in the visual field described in the next chapter, are 
unified by the projective geometry of light. 

Pinhole vs. camera obscura 
The use of small aperture projection has a long history. Described 
geometrically by the Arab naturalist Ibn al-Haytham in the early 11th 
century, the principle was adopted as a model of the eye in the late 
15th century notebooks of Leonardo da Vinci and the Dioptrice 
(1611) of Johannes Kepler. In the 17th and 18th centuries, small 
aperture projection became an observational tool to survey land, 
study linear perspective and trace sunspots on a projected solar 

disk — perhaps the earliest (and manual) form of photography or 
"light drawing." British artist David Hockney has controversially 
(but in my view convincingly) argued that small aperture projection 
was integral to the pictorial tradition of "realism" of European 
drawing and painting since the 15th century, and there is ample 
evidence in both diagrams and texts (in particular, by Alberti, 
Leonardo and Dürer) to confirm that artists of the Renaissance 
actively explored the use of projective imaging in art — above all, 
to understand and apply the principles of linear perspective.  

Kepler coined the term camera obscura or "dark chamber" to 
describe the combination of a darkened viewing chamber and a 
20 cm diameter lens placed before a small window, where objects 
beyond the lens appeared as an image virtually inside it. In the 17th 
century, practical "dark rooms" or portable viewing chambers 
included large tents used by surveyors and lap sized viewing boxes 
used by architectural and landscape artists. Large, operating 
cameras obscura are tourist novelties even today from Edinburgh, 
Scotland to San Francisco, California. These are all fitted with 
rooftop, rotating mirrors or lenses. 

Camera obscura images have a unique ethereal quality. Martin 
Kemp's qualitative appreciation: 

A camera obscura of reasonable quality [in the focusing lens or mirror 
of sufficient aperture] does possess a special visual 'feel'. It produces 
condensed enhancement of tone and color, providing subtle 
intensification without harshness or glare. Nuances of light and shade 
which seem too diffuse or slight to register in the original scene are 
somehow clarified, and tonal effects gain a new degree of coherence. 
The shapes of forms, miniaturised in such a way that they seem to be 
condensed to their very essence, acquire a crystalline clarity. Striking 
juxtapositions of scale at different [spatial] planes, of which we remain 
largely unconscious in the actual scene, become compellingly 
apparent. ... Mutual enhancement at the boundaries of areas of 
contrasting tone and colour — known as 'simultaneous contrast' — is 
registered with particular strength. (The Science of Art, p.193) 

In contrast, small aperture projection consists of just four 
components:  a small hole, a darkened chamber, a brightly 
illuminated source space, and a featureless imaging surface. This 
implictly excludes the use of any lens. Leonardo (c.1500) describes 
the basic setup: 

I say that if the front of a building — or any open piazza or field — which 
is illuminated by the sun has a dwelling opposite to it, and if, in the front 
which does not face the sun, you make a small round hole, all the 
illuminated objects will project their images through that hole and be 
visible inside the dwelling on the opposite wall which may be made 
white; and there, in fact, they will be upside down. (Notebooks, 70) 
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Figure 4.1 – Small aperture images 

(top) The New Royal Palace at Prague Castle imaged with a small aperture. 
Source: Jaro Zastoupil, reproduced under GNU Free Documentation license 
(2011). 

(bottom) The author's front yard. An inverted but otherwise unretouched 
7 mm aperture projection at 900 m projection distance onto a white foam 
core board imaging surface producing a 38º FOV; Nikon D700 ƒ/3.8, ISO 200, 
80 second exposure. An isolated specular reflection shows the diameter of 
geometric blur. 

  

Strikingly large, subtle and enchanting projected images can be 
produced by aperture alone (Figure 4.1), provided the chamber is 
dark enough, the scene bright enough, and the hole is the right 
size. Artist Halima Flynt and physicist Michael Ruiz describe how 
they converted an urban office space into a wall and ceiling pinhole 
camera, and note:  

Though one knows from theory what to expect before viewing a camera 
obscura, the majestic images on a large wall are impressive, and the 
scenes with motion, such as cars or walking pedestrians, are 
delightful. ... Talking about the theory of a camera obscura is one thing, 
but witnessing a real one, especially one you have made, is a profound 
experience. It is a work of art. 

But for room projection on a bright day, small aperture images are 
quite dark. They cannot be visually appreciated until your eyes are 
fully dark adapted within a completely lightproof chamber. Flynt 
and Ruiz recommend an aperture of about 2 cm (the diameter of a 
US penny) for daylight observing, and in the late afternoon a hole 
5 cm or larger may be necessary. This means that the aperture is 
much larger than a pin, and the term "pinhole imaging" is a 
misnomer for small apertures. 

I highly recommend you embark on a personal exploration of small 
apertures either as room projection or in photography. There are 
dozens of instructive web pages and videos on the internet to 
guide you. Most homes, schools or offices have a small, windowed 
room that can be repurposed with inexpensive materials — black 
landscape sheeting to mask windows and create the "dark room", 
a large sheet of foam core board or a blank wall to serve as an 
imaging surface. For photography, Sroyon Mukherjee 
demonstrates several ways to make, measure and test a camera 
pinhole. Both Eric Renner's generously illustrated book and Jon 
Grepstad's extensive web page, among many other print and 
online resources, provide history, practical guidance and 
evangelizing examples of pinhole art photography.  

Small aperture projection 
A specific arrangement of just six components is necessary to 
define the small aperture imaging geometry, as illustrated in 
Figure 4.2. In combination, these elements establish that a small 
aperture, not a lens, is sufficient for image formation. 

  

Figure 4.2 – The geometry of small aperture projection 

The geometrical arrangement of the six components described in the text. 

  

The starting point is a circular small aperture, specified as an 
aperture diameter (D). In circular apertures diameter is usually a 
proxy for the aperture area, the footprint of the luminance, which 
is proportional to D2. The aperture point is located at the center of 
the circular aperture and specifies the location of the aperture in 
physical space. The aperture perforates an aperture plane 
necessary to identify the orientation of the aperture, and a central 
ray is defined through the aperture point and perpendicular to the 
aperture plane: the aperture is "looking at" a source point that lies 
along the central ray. 

The aperture performs the sole function of beam creation. Light 
arrives at the aperture barrier as continuous wavefronts expanding 
from every point in all directions of the source space producing 
luminous power. This is commonly termed the object space, 
although we are not concerned with objects characterized as 
houses or faces but with light sources — emitting, scattering and 
reflecting origins of illuminance. We are inclined by a geometric 
prejudice to think of beam creation as turning waves into arrows, 
when it is in fact important as information creation. Without the 
aperture, we cannot tell where light comes from or what has 
created it. As an area of void, as complete absence of anything 
luminous or material, aperture creates the frustum that is required 
for light as image (luminance); as the stenciling of luminous 
intensity into illuminance pencils, it indicates the precise direction 
of the source area. This luminance product and spatial assortment 
is new information, behaviorally extremely useful information, and 
therefore optical systems are judged according to whether they 
mix or misplace information about the world, and if they do blur or 
distort the image — by how much and how far.  

The aperture selects only a very small area of each wavefront to 
continue further into the "dark room" or image space as a unique 
beam or light pencil (see Figure 2.3, bottom, p. xx). This beam 
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selection is entirely determined by the aperture area and by the 
incidence angle of the wavefront at the aperture plane.  

An inescapable feature of beam creation is the aperture image, the 
shape of the aperture itself as the projected area enclosing every 
beam. The aperture image significantly contributes to the soft 
focus of small aperture images and, if it is distinctive or 
asymmetrical, its shape will appear in every specular reflection and 
high contrast edge throughout the image. 

A projection plane receives the beams created by the aperture, and 
its location in space defines the projection distance (P) between 
aperture and image; the source distance (F) is measured from the 
aperture plane to the source point. However, both the aperture 
and image planes are geometrical abstractions. In every imaging 
event, the aperture plane is embodied as an aperture barrier of a 
specific material thickness and physical extent, and an imaging 
surface stands in the place and orientation of the projection plane. 
To keep things simple, we require that the aperture and projection 
planes are parallel to each other and normal to the central ray.  

The aperture barrier provides a barrier shadow onto the image 
plane so that only the light from the source that passes through the 
aperture is incident on it. But light from other sources is not 
prohibited: the "dark room" is not included in Figure 4.2 because it 
is not necessary to create an image, only useful to enhance the 
image contrast. Provided the barrier shadow is large enough and 
the luminance contrast between image and shadow is high enough, 
perfectly distinct images can form on surfaces that are not 
enclosed (Figure 2.4). Indeed, if you will allow extreme 
comparisons, the shadows of solar daylight from objects such as 
trees are literally barrier shadows to the sky pencil all around them; 
illumination is just the image of the sun admitted through a horizon 
aperture.  

The first function of the imaging surface is beam conversion that 
transforms the aperture luminous intensity into illuminance — 
power incident on a surface. This illuminance is either scattered by 
the surface as observable luminance, or it is darkly converted into 
work as an image capture process embedded in the surface. This 
can be the photochemical reaction in the silver halide crystals of a 
photographic film, or the pigment molecules contained in retinal 
photoreceptors, or the photoelectric current in the CCD or CMOS 
pixels of digital camera sensors.  

The second function of the imaging surface is the definition of a 
spatial projection — the geometry of straight lines and round 

shapes that defines the distances and relative sizes of projected 
areas in the image. I return to this point below, but note here that 
imaging surfaces come in two basic flavors: either a flat surface or a 
curved surface.  

  

Figure 4.3 – Pinhole projective geometry 

(a) The source orientation, the "inverted" image and the rotated image. (b) 
The 90º field of a small aperture projection onto a plane, showing radial 
rectilinear distortion, vignetting of image illuminance, and concentric 
symmetry from center outwards. (c) Foreshortening of a circular aperture 
at a 45º angle, showing the effect of aperture barrier thickness and tool 
marks in the aperture opening. 

  

The surface determines not only the straightness of lines and the 
shape of things but also the relative image luminance from center 
to periphery. Provided the aperture barrier is thin compared to the 
aperture diameter and the aperture is circular and free of burrs, a 
small aperture can project an angular extent of more than 90º onto 
an adequately large imaging surface. As illuminance, the luminous 
power of the image decreases along the central ray according to 
the inverse squared projection distance (Figure 3.4, top), and 
images grow fainter, but also larger, as the imaging surface is 
located farther from the aperture.  

On a plane imaging surface, the illuminance as a radial distance 
from the central ray also decreases as the cos(θ)4 or "cosine 
fourth" power of the radius angle. This is due to the combined 
effects of the greater lateral projection distance (Figure 3.6) and of 
greater foreshortening in both the exitance angle from the 
aperture and the incidence angle onto the surface (Figure 3.5c). In 
a plane receptor such as photographic film or photosensor chips, 
this reduces the central illuminance at a 45º radius angle by 1/4 (two 
f/stops) and produces a distinctive diffuse circular vignetting or 
darkening in wide field pinhole photographs that becomes 
significant at around a 90º angular field (Figure 4.3, middle).  

This dimming effect is amplified by a thicker aperture barrier, and 
radial blurring is increased by imperfections such as burrs or 
toolmarks in the pinhole edges (Figure 4.3, bottom). But aperture 
foreshortening remains even with a concave spherical imaging 
surface that is a constant distance from the aperture at all radius 
angles. Image dimming with radius angle is inherent to aperture 
images. 

Images projected from an aperture are reversed in all directions: 
rays arriving above the central ray are projected through the 
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aperture below the central ray, rays to the left are projected to the 
right, and so on. The technical term inverted image can be 
misleading, because this symmetrical crossing of rays means the 
image is actually rotated by 180º (Figure 4.3, top).  

But this description assumes that the observer views the image 
from behind the image plane, looking toward the source — for 
example, as we see the image on our own retina. By turning away 
from the source and viewing the image as projected onto a surface, 
the observer sees only an inverted or "upside down" (but not 
"rightside left") image.  

This "turning observer" defines a categorial distinction among 
images between the rotated landscape in a lens that Kepler called 
imago and the inverted image projected on a surface that he called 
pictura — optics examined as affecting either visual rays or light 
rays (p. xx). There is also an erect image, such as the enlargement 
of fine print viewed through a magnifying glass, and the reversed 
image in a mirror. These distinctions between rotated, inverted and 
erect images anchor fundamental differences in imaging that 
extend to other image attributes.   

Image quality 
What makes a good image, or a bad one? The two critical measures 
of image quality are resolution and contrast. In Chapter 13 we'll see 
how the two are combined in the evaluation of imaging systems. 
Here we begin with a single criterion — the visual judgment of how 
much the image is affected by blur — consider how aperture and 
projection distance can be combined for optimal image results.  

In very thin beams, diffraction and interference combine to 
produce a ringed enlargement of the source point on the imaging 
surface, brightest at the center and concentrically dimming into 
one or more faint encircling rings (Figure 4.5b; see also Figure 2.3 
inset). The diameter of this diffraction blur depends only on the 
aperture diameter and the light wavelength, and it occurs equally 
at every point in the projected image. For most practical projection 
distances, diffraction blur becomes visually significant with 
apertures smaller than about one millimeter. For example, to test 
visual acuity using an erect pinhole projection without noticeable 
diffraction blur, ophthalmologists ask you to look through a 
handheld pinhole occluder with an aperture of about 1.2 mm.  

With aperture diameters that are large relative to the projection 
distance, diffraction blur is overwhelmed by the aperture image. 
This geometric blur is a continuation of the frustum or pencil of 
rays originating from a point in the source space and, like a tiny 

spotlight, is effectively uniform across its breadth for apertures of a 
millimeter or more (Figure 4.1, bottom). The diameter of this beam 
is proportional to the magnification (Figure 4.5c) but it cannot be 
smaller than the aperture itself and, for far sources, is effectively a 
cylindrical beam.  

Both diffraction and geometric blur are always present in aperture 
images, but they appear in opposition: diminishing one kind of blur 
increases the other. This is because the nearly cylindrical geometric 
blur is largely unaffected by projection distance, but the diffraction 
blur, embedded in the image itself, increases with projection 
distance. The quality of an image primarily depends on how well 
the diffraction and geometric blur are combined by the choice of 
the aperture and projection distance. This motivates various 
formulas to calculate the best imaging geometry. 

Physicist Matt Young presents the theory and validating 
experiments to find the optimal projection distance P for a given 
aperture diameter D (or vice versa) using angular resolution as the 
sole criterion of image quality. His recommendation is close to that 
by the English physicist John William Strutt, 3rd Baron Rayleigh, in 
1909.  

However, imaging scientist Kjell Carlsson demonstrates that 
striking a balance between contrast and resolution — which 
typically improves observer judgments of image sharpness or 
overall clarity of edges and large area contrast (p.xx) — can 
produce slightly better results. His recommended imaging 
geometry is approximated in formulas given by many other 
references (for example, as the Prober-Wellman equation): 

  aperture diameter projection distance 

 resolution (Young) D = 2.0 ( P λ )1/2 P = D2 / ( 4.0 λ ) 

 sharpness (Carlsson) D = 1.56 ( P λ )1/2 P = D2 / ( 2.44 λ ) 

where all measurements are in millimeters, the exponent 1/2 
indicates the square root, and λ is any benchmark wavelength, 
usually 550 nm = 0.00055 mm.  

Neither of these recommendations is definitive. Instead, they 
bracket the range of projection distances that will produce optimal 
results with a given aperture. A complicating factor is that image 
quality is also affected by the specific combination of limiting detail, 
large area structure and contrast in the scene or source that is 
imaged, but in most images the difference between the two 
recommendations will be subtle if not imperceptible.  
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As an example: my Nikon D700 single lens reflex camera is fitted 
with a 0.3 mm commercial pinhole purchased from Edmund Optics 
(USA); this aperture will perform best at a projection distance P, 
calculated using the formulas above, between 41 mm (Young) to 
67 mm (Carlsson). With the pinhole mounted on a converted body 
cap, the camera body enforces a 53 mm projection distance from 
pinhole to sensor, midway between the two values. My pinhole 
photographs (Figures 4.1 and 4.6) seem quite satisfactory, and 
photographic tests with the 1951 USAF resolution test chart (Figure 
4.5) indicate resolution matching the expected best performance. 

Aperture resolution 
But how do we determine the resolution or contrast in an image? 
The most common test of resolution requires that two closely 
separated lines in the source space, as viewed from the aperture 
point, will be reproduced as two discernably separate lines in the 
image. This is usually tested as the closest spacing of alternating, 
equal black and white lines that can be reproduced in the image. 

Resolution is limited by blurring, and blurring can be defined from 
two different points of view: either as the projected angular extent 
of the blur measured from the aperture point, which (as a 
projected angle) will be constant feature of the image across all 
projection distances; or as the linear extent of the blur measured on 
the imaging surface, which will increase in proportion to the 
projection distance. Small apertures complicate the problem with 
two different forms of blur — diffraction and geometric — which 
means we juggle potentially four different ways to define 
resolution.  

Let's start with the gold standard in most evaluations of optical 
resolution, the angular extent (diameter) of the central diffraction 
"spot" (see Figure 2.3, inset) . This is the angular diffraction blur 
(Ad): 

 Ad = 2 λ / D radians. 

The formula shows that diffraction blur is an intrinsic property of 
light waves interacting with the aperture D; for example, doubling 
the aperture diameter reduces the angular diffraction blur by half. 
But it also requires that at the aperture plane the geometric blur 
(no smaller than D) is far larger than the diffraction blur (measured 
as λ/D); optimal imaging occurs when the projection distance 
enlarges the diffraction blur to equal the aperture diameter.  

Because it is a projected angular extent and is intrinsic to the 
angular dimensions of the image, changing the projection distance 

does not change the blur due to diffraction. In my DSLR with a 
pinhole D = 0.3, the diffraction blur has an angular diameter of 
0.0037 radians or about 13 arcminutes (') or 0.2º at λ 550. (60 
arcminutes equal one degree.) 

Once we have determined the size of Ad in radians, we then can 
find the linear or physical extent of the diffraction blur at the 
imaging surface, the linear diffraction blur (Ld), as: 

 Ld = P Ad .  

In my DSLR with projection distance (P) of 53 mm, the blur is 
slightly less than 0.2 mm. At a projection distance of 1 meter, it 
would be nearly 3.7 mm. 

Finally, it is useful to know how the blur compares to the imaging 
limits of an imaging system. For digital cameras, this is determined 
by the interspacing or pitch of the sensor pixels. In my "full frame" 
12.1 megapixel CMOS sensor, this is 8.4 microns or 0.0084 mm. 
Dividing this into Ld gives a sensor blur width of about 23 pixels. 

All this is a fluff of formulas, however well grounded in theory. How 
well does a real optical system actually perform? We find out by 
using the system to image a resolution test pattern. The generic 
test pattern consists of equally spaced black and white graphical 
elements in graduated intervals of separation, contrast and edge 
distinctness; these form intervals of angular separation that can be 
calculated from the source distance. By examining the image, we 
identify a resolution limit as the minimum angular separation 
between two closely separated elements necessary for them to be 
reliably distinguished. This separation is specified as a multiple of 
the blur angular diameter.  

  

Figure 4.4 – Resolution test of a pinhole system. 

Photograph of the 1951 U.S. Air Force resolution chart illustrating a 
resolution limit between 6.9 and 8.2 arcminutes (see inset). (D = 0.3, P = 
53 mm, F = 1042 mm, exposure 1.3 seconds.) 

  

Resolution is fundamentally a perceptual and subjective criterion, 
not a physical or objective one, so different observers can make 
different judgments of the same test pattern image. To avoid the 
subjectivity of these judgments various numerical resolution limits 
proxy for it. The conventional choice is the Rayleigh criterion, which 
requires the center of each diffraction blur to be located no closer 
than the first bright interference ring of the other blur. This 
separation is 1.22 times the radius or 0.61 times the diameter of the 
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central blur disk. To estimate this angular diffraction resolution 
(ARd) we multiply Ad by the Rayleigh 0.61 (Figure 4.5b) and find that 
two points in the source space will be visibly distinguished as two 
points in the DSLR image if they are separated by at least 7.7' or, 
using the same multiplier, by at least LRd = 0.12 mm or 14 pixels on 
the DSLR sensor. 

A heritage resolution test chart from the middle of the last century 
(Figure 4.4) indicates my pinhole DSLR has an angular resolution of 
around 7.7', matching the estimated diffraction resolution limit. 
However, the figure also illustrates the subjective element of the 
test itself: the bars at 8.6' seem clearly resolved, while the bars at 
6.9' form congealed blobs. But are the vertical bars at 7.7' resolved, 
or not? The judgment of an observer still decides.  

Projection contrast 
Contrast (κ), the second attribute that determines image quality, 
has been defined in different ways necessary to do justice to its 
various perceptual forms (see p. xx). But the quantity included in all 
definitions of contrast, and the definition we start with, is the 
simple difference between the highest and lowest luminance or 
reflectance values reproduced in an image. Keeping all other image 
attributes the same from one image to the next, a larger luminance 
difference between darks and lights signifies greater image 
contrast. 

In small apertures, contrast depends on projection distance. 
Increasing projection distance increases the divergence between 
nearly parallel geometric beams, separating their blurs in the image 
and improving resolution. But each beam's area as a proportion of 
the total image area decreases as the inverse squared distance 1/P2. 
The image is illuminance at the imaging surface, and increasing 
projection distance dilutes the brightest areas of the image toward 
darkness and decreases the absolute luminance difference 
between darks and lights.  

This dimming with projection distance is one result of image 
magnification (M), which varies as the projection distance P 
normalized on the source distance F: 

 M = P / F . 

Figure 4.5a shows magnification as the proportional size of source 
and image triangles with a common field radius angle (θ). The 
hypotenuse of both triangles is formed by a line drawn from the 
source point through the aperture point and continued into image 
space, where it determines the linear extent of the image h' 

according to the projection distance P. This line is called the chief 
ray. Because corresponding sides of similar triangles are related as 
the same proportion, magnification is also equal to image height h' 
divided by the source height h, and the chief ray determines how 
much a change in projection distance will change the magnification. 

  

Figure 4.5 – Magnification, relative aperture, diffraction blur and 
geometric blur. 

(a) Ray tracing of a small aperture image, magnification determined by the 
projection and source distance from the aperture point, and the inverse 
squared distance effect on image illuminance from aperture luminous 
intensity. (b) Relative aperture and its relation to the angular diameter of 
diffraction blur. (c) Geometric blur and its relation to aperture diameter and 
magnification. 

  

Magnification is commonly stated as a fixed attribute of optical 
instruments, for example as the magnification obtained with a 
binocular or telescope fitted with a specific eyepiece. But the 
formula shows that magnification at a constant P will vary as the 
inverse of the distance F for each separate source: closer objects 
are magnified more than distant ones, and a change in projection 
distance also has a larger effect on the image size. But for all 
sources at all distances, increasing the projection distance will 
increase the magnification, and this enlargement always reduces 
the range of luminance values. 

A related dimension of image contrast is the f–number or relative 
aperture (N), the projection distance divided by the aperture 
diameter (Figure 4.5b):  

 N = P / D 

which photographers know in its inverse form as the focal ratio, 
f/ratio or (confusingly) as the aperture.  

Relative aperture is the darkening effect of projection distance or 
magnification normalized on aperture, and it is usually interpreted 
as a measure of the speed of a photographic system. It means 
more. Since D is also the denominator of Ad, resolution increases 
with greater N. Since magnification also uses P as the numerator, 
magnification increases with greater N. Larger, sharper images 
suggest N is a good thing overall. But relative aperture is curbed by 
the exponential decline in illuminance with inverse squared 
distance, which means it is ultimately limited by the light sensitivity 
of the beam conversion constituted as the imaging surface. It is 
also limited by the sensor's linear dimensions: a larger relative 
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aperture will require a larger imaging sensor in order to provide the 
same image area. But generally we desire magnification and 
resolution only within a limited image area, and happily accept the 
fact that binoculars only show us a tiny area of the source space.  

In photography, the darkening induced by a larger relative aperture 
requires either requires imaging over a longer exposure time. My 
pinhole DSLR operates at a relative aperture of N = 177, and even 
with a pixel ISO of 200 this can require exposures of a minute or 
more when shooting pictures under normal indoor light or 
outdoors under heavy overcast.  

Here we can cast a glance at the second form of image blur, the 
geometric linear blur (Lg, Figure 4.5c), found as: 

 Lg = D (1 + M) . 

and the geometric angular blur (Ag), which is Lg/P or 1/N (the 
f/ratio) as the radians of the projected angle. These formulas state 
that geometric blur is entirely a property of the projective 
geometry: we have a different blur diameter depending on the 
dimensions of D, P or F, independent of light wavelength. When F is 
large relative to P (typically a source distance beyond several 
meters), the magnification M becomes so small that Lg shrinks to 
roughly the aperture diameter D. For example, with a source 
distance of 5 cm (see Figure 4.6) the magnification in the 0.30 mm 
pinhole DSLR is 1.06 and the blur linear diameter is 0.62 mm, the 
width of 73 CMOS sensor pixels. But at 3 meters the magnification 
is 0.018 and the blur diameter is 0.31 mm or about 36 pixels.  

At projection distances much shorter than the optimal distance 
calculated using the formulas above, the image becomes 
increasingly blurred until, at the aperture, it becomes a single disk 
of homogenous light. At or beyond the optimal projection distance, 
the geometric blur is absorbed into the diffraction blur, and the 
diffraction resolution limits ARd or LRd characterize the system 
resolution.  

Finally, contrast is also degraded by stray light or flare, which 
usually reduces contrast by illuminating the darkest luminance 
areas. Eliminating stray light by enclosing the imaging surface as a 
camera body or a darkened room produces greater contrast; in 
cameras, this is enhanced by interior surfaces blackened to 
eliminate backscattering and lens coatings that reduce internal 
reflections. 

Depth of field 
Finally, the depth of field of an image is defined as the near to far 
distance along the central ray that brackets objects appearing 
acceptably in focus. For any optical system, the depth of field in 
front of and behind a source increases with relative aperture or 
with greater source distance at a constant relative aperture 
(Figure 4.5b). Photographers use a shorter distance to the subject, 
a large f/ratio (~ƒ/3) or a longer focal length lens to compress depth 
of field and separate the subject from the background or 
foreground. A smaller relative aperture also allows a shorter 
exposure time that can minimize motion blur in the image.  

In contrast, a pinhole reduces beams to nearly parallel light rays at 
a very large relative aperture. The result is an unlimited depth of 
field and the distinctive pinhole capability to image even extremely 
close objects (F of ~5 cm or less). Very close objects appear vastly 
enlarged — just as they would appear next to the eye — but in the 
same focus as objects on the horizon (Figure 4.6). 

  

Figure 4.6 – Pinhole depth of field. 

Nikon D700 camera, 300 micron pinhole, 1 second exposure at ISO 200. The 
US dime (left) is at a distance of 5 cm from the pinhole; the kitty hashioki 
(right) is at 20 cm; the lunar paperweight and tennis ball are at 1.4 meters; 
the cable railing posts at 3 meters, the tree branches (left) at 8 meters; the 
far trees and horizon are "at infinity." Note the equal definition of the tape 
measure edge and shadow at all distances. Glint colors in the dime are due 
to differences in the λ / D radius of diffraction blur at different wavelengths. 

  

Bokeh is the principle that a limited depth of field can be used for 
pictorial contrast and artistic effect. We've just seen that the 
necessary background defocus is not possible with a pinhole 
camera. Instead, a form of bokeh can be produced through the 
blurring effect of repetitive or gradual movement. In bright 
sunlight, even with a low ISO setting, pinhole exposures can be 
tenths of a second, but under domestic light the exposure will be 
so long that a photographer can manually record a sitting self 
portrait yet leave none of the movement from and to the camera in 
the image. When the motion is repetitive or very slow — the drift 
of clouds across the sky, leaves rustling in a breeze, sequential sea 
waves or movement of the camera around a static subject — the 
resulting blur can produce a dreamlike, uncanny or sentimental 
effect in the image; displaced objects will appear doubled, and 
quickly moving objects will completely disappear. The peculiar 
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quality of pinhole images is that motion blur shades imperceptibly 
into image blur.  

There are significant imaging defects at increasing radius angles 
caused by pinhole rough edges and astigmatism (p. xx); spurious 
resolution (for example, where three blurred lines appear as two 
resolved lines) occurs when the geometric blur is large. But the 
upshot of these complications, as well as photographer practical 
experience, is that lossy pinhole images are an invitation to 
discovery. Theoretically intricate, technically unfamiliar, with 
exposure calculations that must be learned by trial and error, 

pinhole photography is an invitation to explore and experiment 
that many photographers have found invigorates their visual 
imagination.  

If you are interested to try pinhole imaging, Sroyon Mukherjee 
demonstrates several ways to make, measure and test a 
photographic pinhole. Both Eric Renner's generously illustrated 
book and Jon Grepstad's extensive web page, among many other 
print and online resources, provide history, practical guidance and 
evangelizing examples of pinhole art photography.  
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Figure 4.2 
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Figure 4.3 
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 Color stimulus 14 

 

Figure 4.5 
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Figure 4.6 
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