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WIDE ANGLE FIELD OF VIEW ACTIVE ILLUMINATION IMAGING SYSTEM
TECHNICAL FIELD

[0001] Embodiments of the invention relate to active illumination imaging systems that
transmit light to illuminate a scene and image the scene with light that is reflected from the

transmitted light by features in the scene.
BACKGROUND

[0002] Various types of active illumination cameras or imaging systems, generically
referred to as “active illumination cameras”, that comprise their own light source for
illuminating a scene that they image with “artificial light”, are known. Among such active
illumination cameras are the ubiquitous flash cameras, gesture recognition cameras, and
three-dimensional (3D) cameras. Gesture recognition cameras illuminate a person to image
and recognize the person’s gestures. 3D cameras image a scene with light they generate to
determine distances to features in the scene. Depending on the mode of operation of a 3D
camera, light provided by the camera’s light source may be spatially modulated light
referred to as structured light, such as typically used by triangulation type 3D cameras, or
temporally modulated light, such as light transmitted in pulses, typically used by various

types of time of flight (TOF) 3D camera.

[0003] For many applications, such as for tracking a person’s gestures to interface the
person with a computer, preferred design specifications for an active illumination camera
can be antagonistic, and accommodating such competing design preferences can be

expensive.

[0004] For example, for gesture tracking and/or 3D imaging to interface a person with a
computer game, it is often desirable for an active illumination camera to have a relatively
large field of view (FOV) characterized by a wide view angle, in which the person can move
freely and still accurately be imaged by the camera. The FOV of a camera is a region of
space defined by a solid angle that extends from an optical center of the camera and for
which points therein are imaged by the camera’s optical system on a photosensitive sensor,
hereinafter a “photosensor’, that the camera comprises. A view angle of a camera’s FOV is
a largest possible angle between lines that lie in the camera’s FOV and extend from the
camera’s optical center. A view angle may be defined for any plane that intersects the
camera’s optical center. View angles are generally defined for planes that contain the

camera’s optical axis. Practical view angles for imaging human activities are usually
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horizontal and vertical view angles defined for planes respectively parallel and

perpendicular to the ground. It can be advantageous for the FOV to be characterized by a

wide view angle, often a wide horizontal view angle as large as 909, 1200, or 1500.

[0005] To provide the camera with a wide angle FOV and accurate imaging, the camera
usually has an optical system comprising a lens or lens system having a small effective focal
length “f”, and a relatively large photosensor, having a large number of photosensitive
pixels. An effective focal length of an optical system is a focal length of a thin lens
equivalent of the optical system that can be used to represent functioning of the optical

system.

[0006] However, illuminating a large FOV with light from the camera’s light source is
generally both technically and cost-wise challenging. Intensity of illumination provided by
the light source is usually limited by cost considerations and heat dissipation requirements
for maintaining the light source, and camera, at an acceptable operating temperature.
Amounts of light from the light source reflected by the person and other features in the

camera’s FOV are therefore usually limited.

[0007] To compensate for limited illumination, the camera may have enhanced light
collecting efficiency and registration capacity so that amounts of reflected light registered
by pixels in the camera’s photosensor are sufficient for signals the pixels generate to have
acceptable signal to noise ratios (SNRs). Light collecting efficiency is a measure of an
intensity (optical energy per unit area) of light imaged on the camera photosensor from that
portion of light collected by the camera lens per unit area of an object that the camera
images. Light registration capacity is a measure of how much signal that a pixel in the
camera’s photosensor produces per unit of optical energy that the camera images on the
pixel and has units of signal magnitude per unit of optical energy. A product of a camera’s
light collecting efficiency and light registration capacity is a measure of the camera’s
sensitivity to light from a scene that it images and is referred to as the camera’s light

acquisition sensitivity (LAS).

[0008] Light collecting efficiency and registration capacity can be enhanced by lowering
the f number (f#) of the camera lens and increasing the size of pixels in the camera’s
photosensor. A lens f# is equal to the lens’s focal length, f, divided by a diameter, D, of its
aperture - that is f# = f/D. Aperture diameter D may be controlled by any of various
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diaphragms and stops. A minimum f# refers to an f# for a maximum possible D, usually a

diameter close to a physical diameter of the lens.

[0009] Conventional digital cameras that image a scene in daylight and/or with light from a
conventional flash have FOVs characterized by view angles between about 400 and about

600, comprise square pixels having side dimensions between 1.2u-6p (microns), and
minimal f#s equal to between 2.8-3.5. For gesture recognition and multiplayer video game
applications on the other hand, it can be advantageous for an active illumination camera
having a wide angle FOV to have an f# less than about 2, and large pixels having a side

dimension greater than or equal to about 7.5 microns.

[00010] However, decreasing a camera’s f# and increasing its pixel size generally decreases
camera resolution and introduces optical distortions in images acquired by the camera
unless the camera’s optical system is specially designed to compensate for the distortions.
Configuring the camera to moderate optical distortions can be technically difficult and

involve costs that price the camera out of its intended market.
SUMMARY

[00011] An embodiment of the invention provides a wide view angle FOV, active
illumination imaging system, also referred to as a “compound active illumination camera”
or a “compound camera”, that combines the FOVs of a plurality of cameras, referred to as
“component cameras”, to provide an enlarged “compound” FOV.

[00012] In an embodiment of the invention the plurality of component cameras comprises
two component cameras positioned so that their optical axes intersect in a region,
hereinafter an “intersection region”, common to the FOVs of the component cameras at an
angle between the optical axes equal to about half a sum of the angles of views of the
cameras in a plane defined by the optical axes. The FOVs of the component cameras cross
over cach other and combine to provide an enlarged compound FOV having a wide view
angle in the plane of the optical axes that is equal to about twice the view angle of the FOV
of each component camera. Optionally, the angles of view of the FOVs of the component
cameras arc equal, and the FOVs mirror each other in a “mirror” plane that passes through
the intersection of their optical axes, is perpendicular to their plane, and contains a line that

bisects the angle between the axes.
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[00013] In an embodiment of the invention, the component cameras are spaced close to each
other so that their FOVs overlap along a narrow seam that includes the mirror plane. The
resulting compound FOV is substantially free of regions that are not imaged by at least one
of the compound cameras. In an embodiment of the invention, each component camera is
configured having a relatively small f#, and a photosensor comprising relatively large pixels
so that the component camera has relatively enhanced light collection efficiency and
registration capacity.

[00014] Whereas the compound active light camera enjoys an enlarged, wide view angle
FOV, its light imaging is characterized by the f#s, photosensors, and image resolution of the
component cameras. It therefore combines the wide angle compound FOV with the
enhanced light collecting efficiency and registration capacity of the smaller FOVs of the
component cameras without having to invest in accommodating competing and antagonistic
design demands of a conventional camera having a similarly wide angle FOV.

[00015] This Summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This Summary is not intended
to identify key features or essential features of the claimed subject matter, nor is it intended

to be used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF FIGURES

[00016] Non-limiting examples of embodiments of the invention are described below with
reference to figures attached hereto that are listed following this paragraph. Identical
structures, elements or parts that appear in more than one figure are generally labeled with a
same numeral in all the figures in which they appear. Dimensions of components and
features shown in the figures are chosen for convenience and clarity of presentation and are

not necessarily shown to scale.

[00017] Figs. 1A and 1B schematically show plan and perspective views respectively of a
conventional 3D time of flight (TOF) camera for determining distances to features in a

scene, in accordance with prior art;

[00018] Figs 2A and 2B schematically show a compound 3D TOF camera as an example of
an active illumination imaging system having a wide angle FOV, in accordance with an

embodiment of the invention;
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[00019] Figs. 3A - 3C schematically show other active illumination imaging systems, in

accordance with an embodiment of the invention;

[00020] Fig. 4 schematically shows an active illumination imaging system comprising three

component cameras, in accordance with an embodiment of the invention; and

[00021] Fig. 5 schematically shows an active illumination imaging system comprising four

component cameras, in accordance with an embodiment of the invention.
DETAILED DESCRIPTION

[00022] Aspects of embodiments of the invention are discussed below with respect to figures
of an active illumination imaging system, which is by way of example, a 3D time of flight
(TOF) imaging system. Figs. 1A and 1B schematically show perspective and plan views
respectively of a conventional 3D TOF camera 20 and the camera’s field of view (FOV).
Fig. 2A to Fig. 5 schematically show how cameras, similar to that shown in Figs. 1A and
1B, are combined and configured to provide an optionally 3D TOF, compound active
illumination camera having an enlarged, wide angle compound FOV, in accordance with
embodiments of the invention. Compound 3D TOF cameras similar to that shown in Figs
2A and 2B having a wide angle compound FOV in accordance with an embodiment of the
invention are compared to 3D TOF cameras conventionally designed to have a wide angle

FOV.

[00023] In the discussion unless otherwise stated, adjectives such as “substantially” and
“about” modifying a condition or relationship characteristic of a feature or features of an
embodiment of the invention, are understood to mean that the condition or characteristic is
defined to within tolerances that are acceptable for operation of the embodiment for an

application for which it is intended.

[00024] 3D TOF camera 20 shown in Figs. 1A and 1B comprises a light source 22
controllable to radiate a train of light pulses to illuminate a scene (not shown) within a FOV
30 of the camera. Light pulses radiated by light source 22 are schematically represented by
square “pulses” labeled with a numeral 24 and associated with overhead arrows
representing direction of propagation. Numeral 24 is also used when referring to the light
pulses. Whereas light pulses 24 may comprise light provided by a suitable light emitting
diode (LED) and/or laser from any portion of the spectrum, usually, light pulses 24 are near
infrared (NIR) light pulses. Camera 20 comprises an optical system, represented by a lens

40, for imaging light from light pulses 24 that is reflected back to the camera by features in
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the scene onto a photosensor 50. Lens 40 has an optical center 42 and an optical axis 44,
which are also an optical center and optical axis respectively of camera 20. Photosensor 50
comprises light sensitive pixels 52 (Fig. 1A). The optical system also includes a shutter (not
shown) for shuttering the camera open and closed. Following a predetermined delay from a
time at which each pulse 24 in the train of light pulses is radiated by light source 22 to
illuminate the scene, the shutter opens the camera for a short exposure period to register
light reflected from features in the scene that reaches the camera and is imaged by lens 40
onto photosensor 50. The imaged light registered by the camera is used to determine how
long it takes light from a light pulse 24 to travel round trip from light source 22 to the
features and back to 3D TOF camera 20. The round trip time and the speed of light are used

to determine how far the features are from the camera.

[00025] In the perspective and plan views of Figs. 1A and 1B, FOV 30 of camera 20 is
schematically shown delimited by boundary lines 32. The boundary lines define planes that
determine a pyramid shaped solid angle, which bounds and limits a volume of the FOV.
Only points within the solid angle of FOV 30, and therefore within the volume bounded by
the planes defined by boundary lines 32 are imaged by camera 20. Lines 34 connecting
boundary lines 32, dashed lines 35 and 36, and circle 37 are shown to aid in visualizing the
solid angle of FOV 30. Location of lines 34 and circle 37 do not indicate a limit to how far
FOV 30 extends from camera 20. Delimiting boundary lines 32 and FOV 30 are

conventionally understood to extend to “infinity”.

[00026] The solid angle that defines the size and shape of FOV 30 is congruent to a pyramid
shaped solid angle that photosensor 50 subtends at optical center 42 of lens 40. The solid
angle is determined by size and shape of photosensor 50, and a focal length “f” (Fig. 1B) of
lens 40. Photosensors typically have rectangular pixel arrays and photosensor 50 is shown
as a rectangular pixel array having vertical edges 54 of length V and horizontal edges 55 of
length H. The camera is, arbitrarily, considered to be oriented with vertical edges 54
perpendicular to the ground (not shown) and horizontal edges 55 parallel to the ground
under normal operation of the camera. Line segments 58 (only some of which are labeled to
reduce clutter in the figures) that extend from corners of photosensor 50 to optical center 42
of lens 40 define the solid angle that photosensor 50 subtends at the optical center and
thereby the solid angle of FOV 30. Boundary lines 32 that define FOV 30 are extensions of

line segments 58.
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[00027] FOV 30 has a horizontal angular extent 0 in a horizontal plane defined by dashed
lines 36 that is parallel to horizontal edges 55 shown in Fig. 1A and contains optical axis 44.
(It is noted that in the plan view of Fig. 1B, boundary lines 32 project onto, and are
coincident with, dashed lines 36.) Dashed lines 36 pass through optical center 42 of lens 40
and intersect vertical edges 54 (Fig. 1A) of photosensor 50 at, optionally, their midpoints.
An inset 57 schematically shows an enlarged view of lens 40 and photosensor 50 in which
details of lines 58, photosensor 50, and lens 40 are more clearly shown. Angle 0 is the angle
between lines 36 and satisfies an equation
1) tan(06/2)=H/2f.
Geometrical relationships between “horizontal” view angle 6 of FOV 30, H/2, and f are

shown in Fig. 1B.

[00028] FOV 30 similarly has a vertical angular extent ¢ in a plane defined by dashed lines
35 that contains optical axis 44 and is parallel to vertical edges 54 of photosensor 50. Lines
35 pass through optical center 42 of lens 40 and intersect horizontal edges 55, optionally, at
their midpoints. Vertical view angle ¢ of FOV 30 is the angle between lines 35 and satisfies
an equation,

2) tan(¢/2) = V/2f.

[00029] An amount of optical energy per unit time that is incident per unit area of an image
of a feature of a scene produced by camera 20 on photosensor 50 is referred to as the

(Y924
T

irradiance “IR” of the photosensor from the feature. If the feature is located at a distance

from the camera and gives off an amount of optical energy (an “amount of light”) per unit

area, per unit time, I, conventionally referred to as “exitance”, then the irradiance “Ig”of
photosensor 50 from the feature may be written

3) IR =IgVa(D/2r)2[1/(f/r)]2,

where D is the diameter of lens 40 and “V” is a vignetting factor. The factor 1r(D/2r)2 is the
solid angle subtended by the lens at the feature. The quantity (f/r) is a magnification of the

camera for a feature at distance r, and (f/r)2 is a ratio of the area of the image of the feature
on photosensor 50 relative to the area of a projection of the feature on a plane perpendicular

to optic axis 44. Remembering that # = /D, the expression for IR becomes

4) I = IgVa/(4£42).
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[00030] The vignetting factor V is a ratio equal to an amount of light collected from the
feature and imaged on photosensor 50 divided by a maximum amount of light that could be
collected and imaged for the feature by lens 40 were the feature located on optical axis 44 at
a distance r from camera 20. The vignetting factor V is less than or about equal to one. It
generally decreases with increasing displacement of the feature from optical axis 44 and
increasing FOV view angle.

[00031]  An average irradiance, "IR” for camera 20 responsive to light from the feature is
determined by replacing V with its average "V" over all possible positions of the feature in
FOV 30 at distance r from the camera so that I = IgaV/(4f#2). The ratio,

5) IR/ME = (WH(V/f#2)
may be considered the average light collection efficiency of camera 20 for a feature located
anywhere in the camera’s FOV 30 at a distance r from the camera.

[00032] If pixels 52 in photosensor 50 have an area “ApX”, and an amount of light from an
imaged feature in the camera’s FOV 30 that is incident on a pixel 52 is “Ipx”, then on the
average, Ipx = ApXI_ R= IE(n/4)I7ApX/ (f#z). Let an “efficiency” of a pixel 52 for providing a
signal from a given amount of incident light be represented by “k” and a signal generated by
a pixel 52 from light incident on the pixel from the feature be represented by “Spx”. The

factor k may, for example, represent a number of electrons generated by a pixel 52 per unit

of optical energy incident on the pixel. Then kApX is the registration capacity of a pixel 52
in the photosensor. For the imaged feature pixel 52 provides on the average, a signal,

6) Spx = Klpx = kApxIR = IRkApx(WA)V/(£42) = (Ip)[k(w/4)Apx V/(42)].

[00033] The factor [k(n/4)ApXV/ (f#2)] is a measure of the camera’s light acquisition
sengsitivity (LAS). Assuming k is the same for different configurations of a 3D TOF camera
similar to 3D TOF camera 20, and dropping constant factors, ApXV/(f#z) may reasonably

be used as a comparative figure of merit for comparing light acquisition sensitivities of

different 3D TOF cameras. It is convenient to write the area Apy in terms of its diagonal
dimension “de” and therefore to define a light acquisition sensitivity, LAS, as
8) LAS = Vdpx?/fH#2,

where dpy is in units of microns.
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[00034] By way of numerical example, a conventional 3D TOF camera similar to camera 20
optionally has a FOV 30 characterized by a moderate horizontal view angle 6 equal to 629

and a vertical view angle ¢ equal to 770. The camera images a scene on photosensor 50
having a horizontal dimension (H) optionally equal to 3.6 mm and a vertical dimension (V)
optionally equal to 4.8 mm. (A 3.6 mm x 4.8 mm photosensor is traditionally referred to as a
1/3 inch = 1/3” format photosensor because its diagonal is equal to 6 mm, which is about 1/3
of 16 mm, and a 16 mm diagonal photosensor is referred to as having a 1”” format. The 16
mm diagonal is referred to as a 1” format sensor because legacy video camera tubes having

1” diameter that were used for imaging before the advent of CCDs had an effective imaging
sensor diameter equal to 16 mm.) Using equation 1) and horizontal view angle 6 = 629, or

equation 2) and vertical view angle ¢ = 779, focal length f of camera lens 40 is determined to

be equal to 3 mm and it is optionally characterized by a minimum f# equal to 1.2.

[00035] A practical imaging resolution criterion for using 3D TOF camera 20 to image a
scene and determine distances to features in the scene optionally requires that a surface area,
hereinafter a “resolution patch”, having a desired size and located at a desired working
distance from the camera be imaged by the camera to an image having a desired image size
on photosensor 50. The desired size for the resolution patch is chosen to define a spatial
sampling pitch for distance measurements provided by 3D TOF camera 20. To interface a
person with a computer using 3D TOF camera 20, a working distance might be 1 m (meter),

and the resolution patch, optionally a square, 1 cm on a side.

[00036] The imaging resolution criterion optionally requires that an image of the resolution
patch on photosensor 50 always completely cover at least one pixel 52 in the photosensor.
The criterion operates to assure that at least one pixel 52 (Fig. 2A) in photosensor 50 has a
maximum possible exposure to light from a resolution patch sized region of a feature that is
located at the working distance and is imaged on the photosensor. The completely covered
pixel is expected to generate a signal responsive to light from the patch sized region that has
an optimum SNR and can therefore be used to provide a satisfactory distance measurement
to the region and the feature. The resolution criterion is satisfied if an image of the
resolution patch has a diagonal that is twice the length of a diagonal of pixels 52. For the 3
mm focal length of lens 40, pixels 52 having a side length equal to 15 microns () satisfy the
criterion. For the 3.6mm x 4.8mm dimensions of photosensor 50, the photosensor comprises

240 horizontal “rows” and 320 vertical “columns” of the 1511 x 1510 pixels.
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[00037] For the numerical specifications of 3D TOF camera 20 given above, the camera has
a vignetting factor equal to 0.81 and a value for LAS (light acquisition sensitivity)
calculated using equation 8) that is equal to about 126. In practice, for a maximum working
distance from camera 20 equal to about 3 m, a light source 22 controllable to radiate bursts
of light pulses having a duty cycle of 50% and an average optical power of about 2.5 watts

provides acceptable irradiance of pixels 52, for the camera specifications.

[00038] In accordance with an embodiment of the invention, a plurality of active
illumination cameras is combined to provide a compound active illumination camera having

a wide angle FOV.

[00039] Figs. 2A and 2B schematically show perspective and plan views respectively of a
compound, wide angle 3D TOF camera 100 comprising two, optionally identical,
component cameras 120, similar to camera 20, (Figs 1A and 1B), and a light source 122 for
illuminating a scene (not shown) that the camera images, in accordance with an embodiment
of the invention. The component cameras provide compound 3D TOF camera 120 with a
compound FOV 130 having a horizontal view angle © that is twice the horizontal view

angle 0 of camera 20.

[00040] Component cameras 120 are mounted to a support frame (not shown) in which
vertical edges 54 of their photosensors 50 are substantially parallel, and the cameras are
rotated relative to each other so that their respective FOVs 30 “cross over” and their optical
axes 44 intersect in an intersection region 45 common to the FOVs at an angle substantially
equal to horizontal view angle 6 of the component cameras. Axes 44 are considered to
intersect if a distance between their points of closest approach is less than a desired upper
bound distance. The intersection region is a sphere of smallest diameter that includes the
points of closet approach. A plane of intersecting axes 44 is defined as a plane that is
perpendicular to and bisects a line which joins their points of closest approach. An angle
between intersecting axes 44 is an angle between their projections onto the plane that they

define.

[00041] The desired upper bound distance of closest approach is a distance for which images
generated by component cameras 120 are acceptable for an application for which compound
3D TOF camera 100 is to be used. Vertical edges 54 are considered substantially parallel if
an angle between the edges is sufficiently small so that images generated by the component

cameras 120 are acceptable for the application for which compound 3D TOF camera 100 is

10
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to be used. In practice, an upper bound distance of closest approach and a maximum
acceptable deviation angle of vertical edges 54 from parallel are determined so that
distortions in an image generated responsive to images provided by component cameras 120

processed using appropriate image processing algorithms do not preclude use of the images.

[00042] In an embodiment of the invention, to provide smooth stitching of images provided
by component cameras 120, efficient use of the areas of their respective photosensors 50,
and simplify image processing, it is advantageous that an upper bound distance of closest
approach be less than about 20 times a length of a side of pixels 52. For example, for 151 x
15u pixels 52, it is advantageous that a distance of closest approach for optical axes 44 be
less than or equal to about 300p (0.3 mm). Optionally, the distance of closest approach is
less than about 15 times a side length of pixels 52. In some embodiments, the distance of

closest approach is less than about 10 side lengths of pixels 52.

[00043] Similarly, in an embodiment of the invention, an upper bound angle for deviation of
vertical edges 54 from being parallel is equal to about 20 times a length of a side of pixels 52
divided by a length of a side of photosensor 50. For the 151 pixels 52 and 3.6mm x 4.8mm

dimensions of photosensor 50, an upper bound on the deviation angle is optionally equal to
about 59. Optionally, the upper bound deviation angle is equal to 20. In some embodiments

of the invention, the upper bound deviation angle is equal to 19.

[00044] Component FOVs 30, are mirror images of each other in a plane that contains a line
101 (Fig. 2B), which bisects the angle between optical axes 44, and is perpendicular to their
plane. Component FOVs 30 combine to form a compound FOV 130 having a horizontal
view angle © = 26, and a vertical view angle ¢ (not shown in Fig. 2A) equal to that of the

component cameras.

[00045] The “crossover” configuration of component FOVs 30 in accordance with an
embodiment of the invention, results in efficient stitching together of the component FOVs
to provide large, wide angle compound FOV 130, in which, optionally, the component
FOVs overlap only along a narrow, planar volume region 102. The overlap volume is
referred to as “seam 102”, and shown shaded in Fig. 1B. Width of seam 102 is equal to a
distance A that separates optical centers 42 of component cameras 20. Distance A is
optionally made relatively small so that seam 102 does not occupy a large portion of FOV
130. For example, A may be less than or equal to 10 cm. In some embodiments, separation

distance A is less than or equal to 5 cm.

11
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[00046] It is noted that a minimum distance for A is determined by how close cameras 120
can be “packed” together. A minimum “packing” distance and therefore minimum A are
generally determined by sizes of components comprised in cameras 120. In some
embodiments of the invention, cameras 120 are housed in a common housing, and a
minimum packing distance may be determined by diameters of lenses 42. By way of
example, lenses 42 may have diameters as small as two millimeters, resulting in a minimum

packing distance and minimum A about equal to or less than five millimeters.

[00047] A dead region 104, which is not imaged by either compound camera 20, extends in
front of component cameras 20. A volume of the dead region, and a distance that it extends
in front of component cameras 20, decreases as A decreases. In some embodiments,
separation distance A is determined so that an extent of the dead region, does not negatively
affect satisfactory functioning of compound 3D TOF camera 100 for an application for
which it is intended. For example, for interfacing a person with a computer it might be
advantageous for the dead region to extend to a maximum distance of about 20 cm from a

line joining optical centers 42 of component cameras 120.

[00048] It is noted that points located in seam 102 are imaged by both component cameras
120, and in embodiments of the invention the cameras are aligned and/or calibrated relative
to each other responsive to distances provided by the component cameras for features of a
scene located in the seam. For example, for features located in seam 102 at working
distances from the component cameras, the cameras should provide substantially same

distances. (At a working distance “WD” a fractional difference between distances of a same

feature in seam 102 from the component cameras is less than (1/2)(A/WD)2. The difference
will generally be very small. For example, for WD = 100 cm and A = 5 cm, the difference is
about a millimeter.) In accordance with an embodiment of the invention, positions of
component cameras 120 relative to each other are adjusted, or misalignment of the cameras
compensated for, so that both component cameras provide same distances to same features

located in seam 102.

[00049] For component cameras 120, which by way of example as noted above determine
round trip times for pulses 24 responsive to a delay time of an exposure period following
each light pulse, calibrating cameras 120 optionally comprises adjusting timing of exposure
periods of one camera 120 relative to exposure periods of the other camera 120. In some

embodiments, adjusting relative timing between exposure periods comprises synchronizing
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the exposure periods. In some embodiments, adjusting timing comprises delaying exposure

periods of one camera relative to exposure periods of the other camera.

[00050] Whereas compound 3D TOF camera 100 has a compound FOV 130 characterized
by a horizontal view angle O that is twice the horizontal view angle 6 of component cameras
120, it retains the focal length, f#, imaging resolution, and LAS value of the component
cameras. Since FOV 130 has a volume substantially twice as large as that of a component
FOV 30, light source 122 advantageously provides twice as much optical power as that

provided by light source 22 of camera 20 shown in Figs. 1A and 1B.

[00051] By way of a numerical example, assuming that component FOVs 30 have horizontal
and vertical view angles 6 and ¢ respectively equal to 620 and 779, compound FOV 130 has

a wide horizontal view angle ® = 12490 and a vertical view angle equal to 779, and maintains
a LAS value equal to 126. If light source 122 provides optical power equal to twice that of
light source 22 (Figs. 1A and 1B) pixels 52 in compound camera 20 will be exposed to a
same level of radiance for imaging features in enlarged compound FOV 130 as are pixels 52

of 3D TOF camera 20 for imaging features in “small” FOV 30 shown in Figs. 1A and 1B.

[00052] By way of a second numerical example, assume a 3D TOF camera having a wide
angle enlarged FOV characterized by a horizontal view angle of about 140° and a vertical

view angle of about 909 is desired for a particular application. Assume further that images
provided by the camera are to be processed to provide distance measurements at a spatial

sampling pitch of about 0.7 cm and therefore a resolution patch 0.7 cm on a side.

[00053] A compound camera in accordance with an embodiment of the invention similar to
compound camera 100 that provides the desired view angles and spatial resolution may

comprise component cameras 120 having FOVs 30 characterized by horizontal view angles

equal to about 70° and vertical view angles equal to about 90°. Optionally, each component
camera comprises a photosensor 50 having 480 horizontal rows and 640 vertical columns of
7.5 x 7.5 pixels and resultant horizontal and vertical dimensions H and V equal to 3.6 mm
and 4.8 mm respectively. The component camera would have a focal length f equal to 2.5
mm, f# optionally equal to 1.3, and vignetting factor V equal to 0.66. A characteristic LAS
number for the component camera and for the compound 3D TOF camera is equal to about

22.
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[00054] Fig. 3A schematically shows a plan view of another compound 3D TOF camera 150,

in accordance with an embodiment of the invention.

[00055] Compound 3D TOF camera 150 comprises the same component cameras 120 as
does compound 3D TOF camera 100 (Figs. 2A and 2B) and provides an enlarged FOV 130
having horizontal view angle ©® =26. However, whereas in compound camera 100 (Fig. 2A
and 2B) component cameras 120 are rotated with respect to each other to rotate their
respective optical axes 44 and FOVs 30, in compound 3D TOF camera 150 the component
cameras are aligned parallel to each other. Compound camera 150 comprises a prism 152
for each component camera 120, which rotates their respective optical axes 44 and FOVs 30

by angles equal to 6/2 to produce enlarged FOV 130.

[00056] It can be technically difficult to provide a 3D TOF camera having a wide angle FOV
similar to that which characterizes compound 3D TOF cameras in accordance with

embodiments of the invention, such as the compound cameras shown in Fig. 2A - Fig. 3A.

[00057] For example, consider a conventional 3D TOF camera configured similarly to

camera 20 (Figs. 1A and 1B) but having a FOV characterized by a same 1249 wide
horizontal view angle as that specified in the first numerical example discussed above for

compound 3D TOF camera 100 shown in Figs. 2A and 2B. To provide the horizontally

enlarged 1249 view angle FOV, the conventional wide angle 3D TOF camera might
comprise a photosensor having a horizontal dimension H (Fig. 1B) that is larger than the 3.6
mm noted in the exemplary numerical specification given for camera 20. In particular, the
photosensor in the conventional wide angle 3D TOF camera might have a commercially
available 1/2” standard format (8 mm diagonal dimension) and have a horizontal, H
dimension, (Fig. 1B) equal to 7.3 mm and vertical dimension V, equal to 3.3 mm. Using
equation 1) that relates focal length f to horizontal view angle 6 and photosensor horizontal
dimension H, a focal length f required by lens 40 for the conventional wide angle camera is
equal to 2.1 mm. The lens will have an f# equal to 1.8 and a vignetting factor V =0.21. To
meet the same imaging resolution criterion as that met in the numerical example given

above for compound camera 100, pixels 52 in photosensor 50 should have a side length

equal to 10.4L. Using the above values for components of the conventional 12490 horizontal

view angle 3D TOF camera, the conventional camera will have a LAS equal to about 23.
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[00058] The LAS value for the conventional camera is about 1/6 that of the LAS value, 126,
of the 3D TOF cameras 100 and 150. For a same working environment, the conventional
wide horizontal view angle 3D TOF camera requires a light source for imaging a scene that
delivers six times the optical power as that required by a 3D TOF camera in accordance with
an embodiment of the invention having the same wide horizontal view angle to image the

scenc.

[00059] For comparison with the second numerical example given above for a 3D TOF
camera in accordance with an embodiment of the invention, a conventional camera that
provides horizontal and vertical view angles equal respectively to about 1409 and about
909, might comprise a photosensor having 51 x 5 pixels and horizontal and vertical
dimensions equal to 8.5 mm and 3.2 mm respectively. The lens would have an effective
focal length equal to about 1.65 mm, an f# optionally equal to 2.4, and a resulting vignetting
factor V equal to 0.15. The conventional camera would have a LAS equal to about 0.65,
which is about 1/34 that of the LAS for the corresponding compound camera in accordance

with an embodiment of the invention specified by the second numerical example.

[00060] In the above description of compound cameras 100 and 150 (Figs 2A-3A), the angle
between optical axes 44 of component cameras 120 comprised in the compound cameras is
equal to 6 and the respective enlarged FOVs 130 of the compound cameras have a wide
view angle © =20. However, wide angle FOVs for a compound camera in accordance with
an embodiment of the invention may be provided by angles between optical axes 44 of the
compound camera’s component cameras 120 that are different from the field of view angle

0 of the component cameras.

[00061]  Fig. 3B schematically shows a plan view of a compound camera 170 in accordance
with an embodiment of the invention comprising two component cameras 120 having FOV
view angles 0, and an angle (6+o.) between their respective optical axes 44, where by way of
example, o is greater than zero. Compound camera 170 has a FOV 171 having a view angle
O = (206+o). A seam 172 for which FOVs of component cameras 120 overlap is no longer
planar as are seams 102 in compound cameras 100 and 150, but has a cross section that
decreases with distance from compound camera 170 and at a distance “Z” from the camera

disappears.
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[00062] Whereas a possible advantageous increase in angle of view of FOV is provided by
the positive value of a., a dead zone, shown as a shaded region 173 in Fig. 3B, is generated in
FOV 171 of the compound camera for which neither component camera 120 provides
imaging. Dead zone 173, begins at distance Z from compound camera 170, which may be
estimated by an expression Z = A/2tan(o/2), where A is a distance between optical centers

42 of component cameras 120. For small angles o, Z is equal to about A/c..

[00063]  Anupper limit on o is optionally determined by constraining distance Z to be greater
than a desired depth of field for which compound camera 170 is intended to provide
continuous, uninterrupted, imaging. For example, if compound camera 170 is intended to
provide uninterrupted imaging up to a depth of field equal to 2 m from camera 170, and A is

equal to 2 cm, then an upper limit for o is equal to about 0.6 degrees.

[00064] Were o to be less than zero in Fig. 3B, © =(206+a) would of course be less than 26,
and width of a seam for which the FOVs of component cameras 120 overlap would increase
with distance from compound camera 170. Unless the increasing width of the seam were
advantageous, for example, for use in possibly providing enhanced calibration for
component cameras 120, use of cameras 120 would in general be inefficient. For example,
the cameras could be replaced by possibly less expensive cameras having smaller
photosensors 50. In general, it is advantageous for o to be greater than or equal to zero. A
lower bound on o is optionally determined so that inefficiency in use of component cameras

120 is moderated.

[00065] Inthe above description, compound cameras in accordance with embodiments of the
invention are shown comprising identical component cameras that have identical FOVs.
However, embodiments of the invention are not limited to compound cameras comprising
component cameras having identical FOVs. For example, a compound camera in
accordance with an embodiment of the invention may comprise component cameras having
different FOVs. Fig. 3C schematically shows a plan view of a compound camera 180
comprising a first component camera 181 having a horizontal view angle 0 and a second
component camera 182 having a horizontal view angle . The component cameras are
positioned so that their respective optical axes intersect at an angle equal to 1/2(6+) to

provide a FOV 185 having a wide horizontal view angle © = (6+).
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[00066] Whereas in the above description compound cameras are shown comprising two
component cameras, a compound camera in accordance with an embodiment of the
invention may comprise more than two component cameras. By way of example, a
compound camera 200 comprising three, optionally identical, component cameras 203, in
accordance with an embodiment of the invention, is schematically shown in a perspective
view in Fig. 4. Each component camera 203 has a photosensor 50 having vertical edges 54
(only some of which are labeled in the figure), an optical axis 44 and a FOV 30 characterized by a

horizontal view angle 6.

[00067] In compound camera 200, component cameras 203 are configured so that their
optical axes 44 are substantially coplanar and optionally intersect at a same intersection
region 205. Optical axes 44 are considered to intersect in a same intersection region if points
of closest approach of any two of the three axes are contained in same region of intersection
having a diameter less than a suitable upper bound. The optical axes are considered to be
substantially coplanar if an angle between a plane defined by any two of the axes is less than
an upper bound angle for which distortions in images provided by the camera are not so
severe as to render the images unusable for an application for which compound camera 200
is intended. Vertical edges 54 of photosensors 50 are perpendicular to the plane of optical

axes 44. An angle between any two adjacent optical axes 44 is equal to 6. The compound 3D

TOF camera therefore has a compound FOV 207, having a horizontal view angle © = 386.

[00068] Fig. 5 schematically shows a 3D TOF camera 220 comprising four, optionally
identical component cameras 221, 222, 223, and 224, having optical axes 321, 322, 323, and
324 respectively, and a FOV 30 having a horizontal view angle 6 and a vertical view angle
0, in accordance with an embodiment of the invention. In an embodiment of the invention
all optical axes 321, 322, 323, and 324 intersect at a same intersection region 230. The
cameras are oriented so that an angle between optical axes 321 and 322 and an angle
between optical axes 323 and 324 are equal to 6. Similarly, the cameras are oriented so that
an angle between optical axes 321 and 323 and an angle between optical axes 322 and 324
are equal to 0. Compound camera 150 therefore has a compound FOV characterized by a

horizontal view angle ® = 26 and a vertical view angle @ = 2¢.
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[00069] In the description and claims of the present application, each of the verbs,
“comprise” “include” and “have”, and conjugates thereof, are used to indicate that the
object or objects of the verb are not necessarily a complete listing of components, elements

or parts of the subject or subjects of the verb.

[00070] Descriptions of embodiments of the invention in the present application are
provided by way of example and are not intended to limit the scope of the invention. The
described embodiments comprise different features, not all of which are required in all
embodiments of the invention. Some embodiments utilize only some of the features or
possible combinations of the features. Variations of embodiments of the invention that are
described, and embodiments of the invention comprising different combinations of features
noted in the described embodiments, will occur to persons of the art. The scope of the

invention is limited only by the claims.
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CLAIMS

1. An active illumination imaging system comprising:

a light source for illuminating a scene imaged by the imaging system; and

first and second cameras, each comprising an optical system having an optical axis
and a photosensor having pixels on which the camera images light, and a field of view
(FOV) characterized by a view angle (0) in a plane that contains the optical axis;

wherein the optical axes of the first and a second cameras intersect at an intersection
region common to their FOVs at an angle substantially equal to half a sum of their view
angles to provide the imaging system with an enlarged FOV having an enlarged view angle
(©) in a plane defined by the intersecting optical axes that is substantially equal to a sum of

the view angles of the cameras.

2. An active illumination imaging system according to claim 1 wherein the view angles

of the first and second cameras are equal.

3. An active illumination imaging system according to claim 1 wherein the view angles

of the first and second cameras are not equal.

4. An active illumination imaging system according to any of claims 1-3 wherein the

enlarged view angle is greater than or equal to 909°.

5. An active illumination imaging system according to claim 4 wherein the enlarged

view angle is greater than or equal to 1200.

6. An active illumination imaging system according to any of the preceding claims and
comprising a third camera whose optical axis intersects with the optical axis of the second

camera.
7. An active illumination imaging system according to claim 6 wherein a plane defined

by the optical axes of the second and third cameras is substantially coincident with the plane

defined by the optical axes of the first and second cameras.
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8. An active illumination imaging system according to claim 7 wherein the axes of the
second and third cameras intersect at an angle substantially equal to half to a sum of the

view angles of the second and third cameras.

9. An active illumination imaging system according to claim § wherein a plane defined
by the optical axes of the second and third cameras is substantially perpendicular to the

plane defined by the optical axes of the first and second cameras.

10.  An active illumination imaging system according to claim 9 wherein the second
camera has a view angle in the plane defined by the optical axes of the second and third
cameras and the optical axes of the second and third cameras intersect at an angle
substantially equal to half a sum of the view angle of the third camera and the view angle of

the second camera in the plane of the second and third cameras.

11. An active illumination imaging system according to any of the preceding claims
wherein a measure of the system’s sensitivity to light that it images is equal to a product of
an average vignetting factor of the imaging system times a square of a quotient equal to a
diameter of pixels in the imaging system divided by a minimum f# of the imaging system,

and the measure has a value greater than 20.

12. An active illumination imaging system according to claim 11 wherein the measure

has a value greater than 50.

13. An active illumination imaging system according to claim 12 wherein the measure

has a value greater than 100.

14.  An active illumination imaging system according to any of claims 1-13 wherein the

cameras are 3D cameras that provide distances to features in a scene that they image.
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