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An Integrated vision and display system comprises a display-image forming layer configured to transmit a display image for viewing
through a display surface; an imaging detector configured to image infrared light of a narrow range of angles relative to the display
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(57) Abrege(suite)/Abstract(continued):
surface normal and Including a reflection from one or more objects on or near the display surface; a vision-system emitter

configured to emit the infrared light for illuminating the objects; a visible- and infrared-transmissive light guide having opposing
upper and/or lower face, configured to receive the infrared light from the vision-system emitter, to conduct the infrared light via TIR
from the upper and lower faces, and to project the Infrared light onto the objects outside of the narrow range of angles relative to

the display surface normal.
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FIG.

rated vision and display system comprises a display-image forming layer configured to transmit a display

1

image for viewing through a display surface; an imaging detector configured to image nfrared light of a narrow range of angles
relative to the display surface normal and including a reflection from one or more objects on or near the display surtace; a vision-
system emitter configured to emit the mfrared light for illuminating the objects; a visible- and infrared-transmissive light guide
having opposing upper and/or lower face, contigured to receive the mirared light from the vision-system emitter, to conduct the
infrared light via TIR from the upper and lower faces, and to project the mfrared light onto the objects outside of the narrow range
of angles relative to the display surface normal.
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ILLUMINATOR FOR TOUCH- AND OBJECT-SENSITIVE DISPLAY
BACKGROUND

[0001] Vision-based mput systems make 1t easier for people to interact with computers.
In particular, the ability of a computer to discern touch and identify objects enables a wide array of
natural, intuitive input mechanisms. Accordingly, further development of vision-based input
technologies may provide a practical alternative to keyboard- and mouse-based mput mechanisms.
For greater functionality, compactness, and design flexibility, a vision-based mput system may
share space with a display system, such as a flat-panel display system.

SUMMARY

[0002] An integrated vision and display system 1s provided. The system includes a
display-image forming layer configured to transmit a display image for viewing through a display
surface. The system also includes an 1maging detector configured to 1mage infrared light of a
narrow range of angles relative to the display surface normal. Here, the 1maged infrared light
includes a reflection from one or more objects arranged on or near the display surface. The system
also includes a vision-system i1lluminator, comprising a vision-system emitter, and a visible- and
infrared-transmissive light guide. The vision-system emitter 1s configured to emit infrared light for
illuminating the one or more objects. The light guide 1s configured to receive the infrared light
from the vision-system emitter. The light guide conducts the infrared light via total internal
retlection, and projects the mfrared light onto the one or more objects outside of the narrow range
of angles relative to the display surtace normal.

[0003] It will be understood that the summary above i1s provided to mtroduce in
stmplified form a selection of concepts that are further described 1n the detailed description, which
follows. It 1s not meant to 1dentify key or essential features of the claimed subject matter, the
scope of which 1s defined by the claims that follow the detailed description. Further, the claimed
subject matter 1s not limited to implementations that solve any disadvantages noted above or in any

part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 shows aspects of a work station in accordance with an embodiment of the
present disclosure.

[0005] FIG. 2 1s a schematic, cross-sectional view showing aspects of an optical system
in accordance with an embodiment of the present disclosure.

[0006] FIGS. 3 — 10 are schematic, cross-sectional views showing aspects of coupling
structures in accordance with different embodiments of the present disclosure.

[0007] FIG. 11 1s a schematic, cross-sectional view showing aspects of an optical system
in another embodiment of the present disclosure.

[0008] FIG. 12 shows a plot of wrradiance versus distance across a light guide, in

accordance with an embodiment of the present disclosure.
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[0009] FIG. 13 shows a plot of reflectance R of a filter layer as a function of wavelength
for two ranges of incidence angles, in accordance with an embodiment of the present disclosure.
[0010] FIG. 14 1s a schematic, cross-sectional view showing aspects of an optical system

in another embodiment of the present disclosure.

DETAILED DESCRIPTION

[0011] The subject matter of the present disclosure 1s now described by way of example
and with reference to certain 1llustrated embodiments. Components that may be substantially the
same 1n two or more embodiments are 1dentified coordinately and are described with minimal
repetition. It will be noted, however, that components identified coordinately in the different
embodiments may be at least partly different. It will be further noted that the drawings included in
this disclosure are schematic. Views of the illustrated embodiments are generally not drawn to
scale; aspect ratios, feature size, and numbers of features may be purposely distorted to make
selected features or relationships easier to sce.

[0012] FIG. 1 shows aspects of a work station 10 1n one example embodiment. The work
station includes a large-format, touch- and object-sensitive display surtace 12, which may be
oriented horizontally. In this orientation, one or more persons may stand or be seated next to the
work station 1n order to view and interact with the display surtace from above. Optical system 14
1S located below the display surface. The optical system may be configured to provide display
functionality as well as vision-based mput functionality for the work station. Accordingly, the
optical system may comprise an integrated display and vision system.

[0013] To provide display functionality, optical system 14 may be configured to project a
visible image through display surface 12. To provide vision-based input functionality, the optical
system may be configured to capture at least a partial image of one or more objects 16 placed on or
near the display surface—fingers, game pieces, electronic devices, paper cards, food or beverages,
for example. Accordingly, the optical system may be configured to 1lluminate the objects and to
detect light reflected from the objects. In this manner, the optical system may register the position,
footprint, or other property of the objects placed on or near the display surface.

[0014] FIG. 1 shows computer 18 concealed within work station 10 and operatively
coupled to optical system 14. In other embodiments, the computer may be located and/or
distributed remotely, and coupled to the optical system via a wired or wireless communications
link. Irrespective of its location, the computer may be configured to provide display data to and
receive input data from the optical system. Further, the computer may be configured to process the
input data to yield information of various kinds.

[0015] FIG. 2 1s a schematic, cross-sectional view showing aspects of optical system 14

in one example embodiment. The optical system includes a liquid-crystal display (LCD) backlight
20 arranged to project visible light on and partly through LLCD control layer 22. Together, the
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LCD backlight and the LCD control layer are arranged to form a display image viewable through
display surface 12.

[0016] LCD backlight 20 may comprise any light source suitably configured for use n an
LCD display system; it may comprise a suitable brightness-enhancement film, an angle-limiting
film or other structure, and one or more illumination-profiling layers. In one embodiment, the
LCD backlight may comprise one or more compact cylindrical fluorescent (CCFL) light sources.
In another embodiment, the LCD backlight may comprise one or more hght-emitting diodes
(LED’s)—red, green, and blue LED’s, or mtegrated white LED’s, for example.

[0017] LCD control layer 22 1s a display-image forming layer configured to transmit a
display 1mage for viewing through display surface 12; 1t comprises a two-dimensional array of
light-gating elements configured to spatially and temporally modulate the ntensity of light from
LCD backlight 20. In one embodiment, the light-gating elements may be polarizing LCD elements
coupled to red, green, and blue transmissive windows. In one embodiment, the LCD control layer
and the LCD backlight may be operatively coupled to computer 18 and configured to receive
display data therefrom.

[0018] Continuing in FIG. 2, optical system 14 includes imaging optic 24 and imaging
detector 26. The 1maging optic may be wedge-shaped, having substantially planar and opposing
upper and lower faces, which define a wedge angle of one degree or less. The upper face of the
1maging optic may be configured to admit light reflected from one or more objects 16 arranged on
or near display surface 12. The lower tace may comprise a turning film configured to turn the
reflected light towards a curved edge tace of the imaging optic. The curved edge tace may support
a reflective Fresnel structure configured to focus and reflect the light toward imaging detector 26.
In one embodiment, light reflected from objects on the display surface may propagate to and from
the curved edge face via total internal reflection (TIR) from the upper and lower faces of the
1maging optic.

[0019] Imaging detector 26 may be configured to image a reflection from one or more
objects 16 arranged on or near display surface 12. The imaging detector may be configured to
capture at least a partial image of the objects, and provide corresponding 1image data to computer
18. Accordingly, the computer may be configured to receive and process the image data from the
imaging detector, and thereby respond to a position of the objects. In one embodiment, the
imaging detector may comprise a digital camera.

[0020] Imaging detector 26 may image some reflections from objects 16 and exclude

others. In particular, the reflections imaged by the imaging detector may be confined to a narrow

(e.g., £10 degrees) range of angles relative to the display surface normal, i.e., a direction normal to
display surface 12. Such confinement may be enabled in view of at least three design features of
the illustrated configuration. First, the imaging detector may include an aperture configured to

admit light from within an angularly restricted ‘field of view’ of the imaging detector, and to reject
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light from outside the field of view. Second, the wedge shape of imaging optic 24 may inherently
limit the acceptance cone of light coupling in from the upper face to a relatively narrow range of
angles (e.g., 2 to 3 degrees). As the imaging optic 1s substantially telecentric in terms of the
pointing angle of the acceptance cone versus position across the optic, variation of the pointing
angle may be within 10 degrees of surface normal at any location across the upper surface. Third,
the 1maging optic may be configured to map position space at the acceptance window to angle
space at the exit window, where a lens of the 1maging detector may be placed. Due to the position
to angle mapping exhibited by the 1maging optic and the lens (which converts angle content at the
exit window back into spatial content at the imaging detector) the display surface may be imaged
onto the 1maging detector; thus the field of view 1maged by the imaging detector comprises an
image of the display surface. Because reflections from objects 16 on or near display surtace 12
may be substantially diffuse, having large (e.g., Lambertian) angular subtend, light retflected
downward from the objects, substantially normal to display surface 12, may be imaged, but light of
greater incidence angles with respect to the display surface may not be imaged. Such a
configuration may help to avoid unwanted contrast reduction in the captured image due to light
scattering downward from the vision-system illuminator, as further described below.

[0021] Imaging detector 26 may include one or more optical filters—color or interference
filters, for example—arranged 1n front of the aperture to limit the response of the 1maging detector
to one or more wavelength bands. The optical filters may include high-pass, low-pass, or band-
pass filters; they may be infrared-transmissive, visible-absorbing, and/or visible-reflecting, for
example. In one embodiment, one or more optical filters may be configured to limit the 1maging
detector response to a narrow wavelength band emitted by a vision-system illuminator, as further
described below.

[0022] FIG. 2 shows just one embodiment of optical system 14. In other embodiments,
imaging optic 24 and imaging detector 26 may be replaced by a tiling of short-throw mmaging
detectors, each capturing an image from a localized part of display surface 12. Accordingly,
computer 18 may be configured to receive an image from each of the imaging detectors and to
assemble a combined image therefrom. In still other embodiments, an offset-imaging
configuration may be used to image the objects arranged on or near the display surface.

[0023] Continuing in FIG. 2, optical system 14 includes vision-system illuminator 28.
The vision-system illuminator 1s configured to illuminate the objects arranged on or near the
display surface, thereby supplying the light which 1s detected, as described above, upon reflection
from the objects. In the illustrated embodiment, the vision-system illuminator comprises vision-
system emitter 30, light guide 32, and coupling structure 34.

[0024] Vision-system emitter 30 may be configured to emit infrared light. In one
embodiment, the vision-system emitter may emit light of a narrow wavelength band centered at

850 nanometers. Accordingly, the vision-system emitter may comprise an array of infrared light-
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emitting diodes (IR-LED’s) arranged along one or more sides or edges of light guide 32. In one
embodiment, the IR-LED’s may be arranged along one edge of the light guide and spaced 10 to 20

millimeters apart from each other—although different spacings are contemplated as well; 1n

another embodiment, the array of IR-LED’s may be distributed along opposite edges of the light

ouide.

[0025] Light guide 32 may comprise a sheet-like or wedge-shaped monolith having
opposing upper and lower faces and configured to receive ifrared light from vision-system
emitter 30. In subsequent drawing figures, which 1illustrate the light guide more particularly,
reference number 36 1s used to 1dentify a sheet-like light guide, and reference number 38 1s used to
1dentify a wedge-shaped light guide. Continuing 1n FIG. 2, the light guide may be formed from a
material transmissive 1 one or more infrared wavelength bands and 1n one or more visible

wavelength bands. In particular, the material may be transmissive over at least some wavelengths

emitted by vision-system emitter 30 and at least some wavelengths emitted by LCD backlight 20.
The light guide may be configured to conduct the infrared light via TIR from the upper and lower
faces, and to project the infrared light onto objects 16 outside of the narrow range of angles
admitted by imaging detector 26.

[0026] Coupling structure 34 may be any arrangement of collection optics configured to
partly converge and couple light from vision-system emitter 30 to light guide 32. Several
embodiments of the coupling structure are described hereinafter, with reference to FIGS. 3 through
10. In each embodiment, the relative arrangement and material properties of the vision-system
emitter, the coupling structure, and the light guide may be chosen such that divergent light from
the vision-system emitter 1s collected and coupled mto the light guide.

[0027] Continuing i FIG. 2, optical system 14 includes protective layer 40. The
protective layer may comprise a sheet formed from a visible- and infrared-transmissive material
substantially as described for light guide 32. In the illustrated embodiment, the upper face of the
protective layer comprises a weakly diffusive layer 42, configured to abate specular reflection of
ambient light. In other embodiments, the protective layer may comprise any suitable anti-
reflective coating. In the illustrated embodiment, protective layer 40 18 coupled to LCD control
layer 22 via moderately diffusive layer 44, which 1s configured to mask or obscure the various
internal components of the optical system from view through display surface 12. In one
embodiment, the moderately diffusive layer may provide an angular spread of the display light on
the order of 35 to 45 degrees FWHM, making the internal components of the optical system less
noticeable to the viewer.

[0028] As shown in FIG. 2, LCD control layer 22 may be layered between light guide 32
and display surface 12. It will be understood, however, that other configurations fully consistent
with this disclosure may present a different configuration of layers. In particular, the light guide

may be layered between the display-image forming layer and the display surface, e.g., the light
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guide may be disposed above the LCD control layer to reduce illumination losses from the LCD
control layer, as further described below. And, in some embodiments, any or all of protective
layer 40 and diffusive layers 42 and 44 may be omitted from the optical system, the functionality
of these layers being subsumed into other components of the optical system.

[0029] FIG. 3 1s a schematic, cross-sectional view showing aspects of a coupling structure
1n one example embodiment. The 1llustrated coupling structure comprises rod lens 46 and corner
prism 48. The hypotenuse face of the comer prism 1s optically coupled flush against the lower
face of hight guide 32, near and parallel to a lower-face edge of the light guide. The rod lens 1s
aligned with a basal face of the corner prism, below the light guide and parallel to a lower-face
cdge of the light guide. Relative to the basal face of the corner prism, vision-system emitter 30 1s
disposed on the diametrically opposite side of the rod lens. In one embodiment, the rod lens and
the corner prism may be formed from acrylic or polycarbonate. The rod lens may be a 3
millimeter diameter extruded acrylic rod, for example.

[0030] In this and subsequent embodiments, rod lens 46 1s configured to narrow the cone
of light emitted by vision-system emitter 30, so that the great majority of the light 1s transmaitted
through and nearly parallel to the horizontal plane of symmetry of light guide 32, with relatively
tew reflections from the upper and lower taces of the light guide. In some embodiments, the same
rod lens 46 may serve to couple hght from a plurality of vision-system emitters into the light
guide. This arrangement 1s seen more casily from FIG. 4, which provides a plan view of the
embodiment from below. In one embodiment, the rod lens may span the lower-face edge of the
light guide. Other embodiments may include a rod lens and a corner prism oriented along ¢ach of
two opposing lower-face edges of the light guide. In embodiments that include a rod lens, only
light substantially in the dimension normal to the horizontal plane of the light guide 1s collected
nto a lower divergence, so the lateral spread of light in horizontal plane occurs over a short optical
path, which may be useful in some cases to achieve high uniformity in a shortest optical path along
the light guide. In other embodiments, where dome lenses provide focusing (vide infra), light 1s
collected in two dimensions, and thus may require a longer optical path along the light guide
before achieving a stmilar level of uniformity across the lateral dimension of the light guide.

[0031] FIG. 5 1s a schematic, cross-sectional view showing aspects of a coupling structure
in another example embodiment. The illustrated coupling structure comprises rod lens 46 and
Fresnel prism 50. The Fresnel prism 1s optically coupled flush against the lower face of light guide
32, near and parallel to a lower-face edge of the light guide. The rod lens 1s arranged below the
light guide, parallel to the lower-face edge of the light guide, and 1s configured to couple light into
the Fresnel prism. In one embodiment, the rod lens may span the lower-face edge of the light
guide. Other embodiments may include a rod lenses and a Fresnel prism oriented along each of

two opposing lower-face edges of the light guide. In other embodiments, a prismatic grating may
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be used 1n place of the Fresnel prism. In still other embodiments, the prismatic grating may be
supplemented by a lenticular array for combined optical power.

[0032] FIG. 6 1s a schematic, cross-sectional view showing aspects of a coupling structure
in another example embodiment. The illustrated coupling structure comprises rod lens 46 and
corner prism 52 having a silvered hypotenuse face. A basal face of the corner prism 1s aligned
flush agamst an edge face of light guide 32. The rod lens 1s aligned with the adjacent basal face of
the corner prism, below the light guide and parallel to a lower-face edge of the light guide. In one
embodiment, the rod lens may span the lower-face edge of the light gmide. Other embodiments
may mnclude two rod lenses and two corner prisms oriented along opposing edge faces of the light
guide. Still, other embodiments may include a corner prism having a hypotenuse face which 1s not
silvered, and uses TIR at the fold. In such case, the light collection divergence may be low n
order to maintain high efficiency of coupling.

[0033] FIG. 7 1s a schematic, cross-sectional view showing aspects of a coupling structure
in another example embodiment. The illustrated coupling structure comprises rod lens 46 and
trapezoidal prism 54 having silvered oblique taces. The long basal face of the trapezoidal prism
comprises opposing first and second end regions. The first end region of the long basal face 1s
aligned flush against an edge face of light guide 32. The second end region of the long basal face
1s aligned with the rod lens, below the light guide and parallel to a lower-face edge of the light
guide. In one embodiment, the trapezoidal prism may be formed from acrylic or polycarbonate.
In one embodiment, the rod lens may span the lower-face edge of the light guide. Other
embodiments may include a rod lens and a trapezoidal prism oriented along ¢ach of two opposing
edge faces of the light guide. In still another embodiment, the coupling structure may mnclude a
trapezoidal prism having oblique faces which are not silvered.

[0034] FIG. 8 1s a schematic, cross-sectional view showing aspects of a coupling structure
in another example embodiment. The 1llustrated coupling structure comprises rod lens 46. The
axis of the rod lens may lie in a horizontal symmetry plane of light guide 32 and be oriented
parallel to an edge face of the light guide. In one embodiment, the rod lens may span the edge face
of the light guide. Other embodiments may include a rod lens oriented along each of two opposing
edge faces of the light guide.

[0035] FIG. 9 1s a schematic, cross-sectional view showing aspects of a coupling structure
in another example embodiment. The illustrated coupling structure comprises rod lens 46 and
lenticular array 56. The rod lens may be oriented near and parallel to an oblique edge face of light
guide 38. In one embodiment, the lenticular array may be embedded in a film, which i1s bonded to
the oblique edge face of the light guide. In other embodiments, the rod lens may be replaced by a

one-dimensional, compound parabolic concentrator (1D-CPC) collector. In still other

embodiments, the lenticular array may be supplemented by a 1D-CPC collector for combined



10

15

20

25

30

35

CA 02768070 2012-01-12

WO 2011/022632 PCT/US2010/046141

optical power, and in one embodiment, the 1D-CPC may replace both the rod lens and the
lenticular array.

[0036] The coupling structure illustrated in FIG. 9 may be used inter alia to couple light
into an oblique edge face of a wedge-shaped light guide 38, such that the light coupled into the
light guide exits via the upper face, as shown in the drawing. In this configuration, the spatial
uniformity of the light exiting the upper face 1s related to the angular uniformity of the light
coupling into the oblique edge face. Therefore, 1t 1s desirable that the coupling structure provide a
highly uniform mput of light as a function of incidence angle. This 1s achieved, in the embodiment
of FIG. 9, by selecting a lenticular array 56 and/or 1D-CPC that projects light over a limited range
and angles and with high angular uniformity. Further, rod lens 46 may be selected to collect light
over a range of angles somewhat more acute than the exit cone of the lenticular array.

[0037] The coupling structure embodiments described hereinabove include collection
optics (rod lenses, prisms, lenticular arrays, 1D-CPC collectors, and gratings) having optical power
in on¢ dimension only. Accordingly, these collection optics collect light from vision-system
emitter 30 m one dimension only. They may span, theretore, an entire edge-length ot the light
guide so as to collect light from a plurality of vision-system emitters arranged at the edge, as
shown by example 1in the plan view of FIG. 4. In other embodiments, however, a coupling
structure may comprise analogous collection optics having optical power i two dimensions—
dome lenses and 2D-CPC collectors, for example. In such embodiments, the coupling structure
may include a series of collection optics coupled to a corresponding series of vision-system
emitters, and further coupled to a light guide 32. Such an arrangement 1s shown, by example, 1n
FIG. 10, where collection optics 58 comprise 2D collection optics.

[0038] It will be noted that while the various collection optics identified above may
provide for improved coupling efficiency into the light guide, they may not be needed i all cases.
For example when coupling at the edge of the light guide 32, a high coupling efficiency may be
achieved without use of a collection optic, but due to the higher angular spread of the coupled
light, a diffusing light extracting layer (vide infra) must provide for significantly less diffusing
strength as compared to a case where the light 1s collected at lower divergence. This 1s because
more of the light 1s subjected to a greater higher number of reflections. In configurations where
the light 1s coupled from the bottom side of the light guide, however, coupling losses may be
incurred when the light 1s not collected at a significantly low divergence.

[0039] Returning now to FIG. 9, wedge-shaped light guide 38 comprises substantially
planar and opposing upper and lower faces. The upper and lower faces define a wedge angle,
which may be between zero and one degree, in some examples. Opposing first and second edge
faces of unequal height are arranged adjacent the upper and lower faces. As shown i FIG. 9,
infrared light from vision-system emitter 30 enters the light guide via the coupling structure and

propagates through the light guide via TIR. The light 1s conducted from the first edge face toward
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the second edge face, meets the upper or lower face at a subcritical incidence angle, and refracts
out of the upper face of the light guide substantially collimated.

[0040] In the embodiment illustrated in FIG. 9, the angle of incidence of the coupled light
with respect to the opposing upper or lower faces 1s reduced by twice the wedge half-angle upon
cach reflection. It follows that the incidence angle at the edge face where the light enters 1s
mapped to position along the upper or lower face from which the light escapes. Since only the
light violating the TIR condition exits the hight guide, all light projected from the light guide exits
at high angles, typically within a few degrees from the critical angle as determined by the
refractive index of the hight-guide medium, the refractive indices of the media surrounding the
light guide (e.g., air), the angle of the light at the entry edge face, and, at higher order, the
thickness of wedge and the vertical location of the mput light at the wedge coupling face.
Accordingly, these parameters may be chosen such that the great majority of the light exits the
light guide at a relatively large exit angle. Providing a large exit angle 1s advantageous because 1t
minimizes the amount of scattered light from the vision-system illuminator that could be admitted
to 1maging detector 26. Further, 1t can be shown that the spatial distribution of the light tlux
escaping the upper face of the light guide at large values of 0 1s controlled by the angular
distribution of the light flux coupling into the light guide, as noted heremabove.

[0041] FIG. 11 1s a schematic, cross-sectional view showing aspects of an optical system
in another example embodiment. Optical system 60 includes a sheet-like light guide 36 and a
coupling structure 34 as shown in FIG. 8. In the embodiment illustrated in FIG. 11, the light guide
may comprise a ca. 3 millimeter thick sheet of B270 glass, a product of Shott Glass, Inc. This
product has a transmittance of 54 to 50 percent per meter path length at 850 nanometers.

[0042] Light guide 36 includes substantially planar and opposing upper and lower faces,
and opposing first and second edge faces of substantially equal height adjacent the upper and
lower taces. Infrared light from vision-system emitter 30 1s conducted from the first edge face
toward the second; by reflection from the opposing taces, mfrared light coupled into the light
guide propagates through the light guide via TIR. As further described below, the TIR condition
may break down (i.e., be frustrated) i various ways, leading to various modes of touch- and/or
object detection at the upper or lower faces.

[0043] For example, application of a finger on the upper face of light guide 36—or of
protective layer 44 to which the light guide 1s optically coupled—may frustrate the TIR condition,
allowing light to escape the light guide and reflect off the finger. The retlected light may then
propagate back through the light guide at a relatively small angle with respect to the surface
normal and be 1maged by imaging detector 26. Further, as the flux of the reflected light depends
on the contact area between the finger and the upper tace of the light guide, a computer operatively
linked to the 1maging detector may be configured to respond to an increasing or decreasing contact

arca between the one or more objects and the display surface. In this manner, the computer may
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detect the pressure exerted on the surface and take appropriate action—turning up a volume,
Zooming in on a picture, efc.—in response to the touch event and/or continued applied pressure.
[0044] The modes of touch sensing described above rely on a face of the light guide being
optically ‘wetted’ by a contacting object. However, many objects, due to their material properties
or topology, will not reliably wet the surface with which they are placed in contact. Further, it
may be desired that the vision system be able to sense an object which 1s near, but not touching,
the display surface. Therefore, more generalized modes of object sensing are envisaged, which
may be enacted mmstead of or in addition to the touch sensing described above. As further
described below, the TIR condition may be frustrated to a controlled degree absent any contact
from the object being detected. Accordingly, the optical systems described herein may be
configured to enable touch sensing based as well as vision-based and sensing and tracking of
objects near the display surface.

[0045] Accordingly, in optical system 60, dittusive layer 62 1s arranged on the upper face
of light guide 36, parallel to the upper and lower faces. The diffusive layer partly frustrates TIR at
the mtertace between the upper face of the light guide and the layer above 1t—protective layer 44
in the 1illustrated embodiment. By interacting with the diffusive layer, some light that would
otherwise be drawn through the light guide by TIR acquires a supercritical incidence angle, which
allows 1t to escape the light guide. The escaping light may travel upward or downward with
respect to the interface where the TIR 1s frustrated. The light that travels upward may illuminate
one or more objects 16 placed on or near display surtace 12.

[0046] Frustration of TIR and upward escape of light from light guide 36 may occur
whether diffusive layer 62 1s disposed on the lower face or on the upper face. In embodiments
where the diffusive layer 1s arranged on the lower face of the light guide, an intervening air gap or
other low-index layer may be used i order to ensure that TIR condition extends through
reasonably small incidence angles, in order to optically 1solate the light guide and prevent loss of
light coupling into the layers below. Arranging the diffusive layer on the lower face of the light
guide offers an advantage of reduced contrast loss for visible display light, as the weak diffusive
ettect of lowering display contrast decreases with reduced distance of the diffuser from the display
layer . Further, when using a surface-relief type diffusive layer disposed on the lower face of the
light guide, one notable advantage 1s a directional bias in the escaping light. Specifically, the flux
of light escaping toward the upper face may be greater by 20 to 30 percent relative to the flux
escaping in the opposite direction. In this manner, the escaping light can more efficiently
illuminate objects on display surface 12.

[0047] In one embodmment, diffusive layer 62 may comprise a volume-type diffusive
layer, in which a plurality of light-diffusing features are distributed in a three-dimensional volume
on or within light guide 36. In one example, a volume-type diffusive layer may comprise a

flexible film having a controlled density of light scattering centers, such as particles, distributed
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and tixed theremn. The flexible film may be bonded to an upper or lower tace of the light guide via
an index-matched adhesive or in any other suitable manner. One example volume-type diftusive
film layer 1s product ADF0505 of Fusion Optix Corporation.

[0048] A volume-type diffusive layer 62 offers a particular advantage when disposed on
the upper face of light guide 36. When the volume-type diffusive layer 1s arranged in this manner,
the light guide may be affixed directly to the layer above 1t with no itervening air gap. Omission
of the air gap may not be advantageous for diffusive layers of the surface-relief type (vide infra),
whose diffusive properties may be reduced by optical wetting. Elimination of the air gap 1s useful
from an enginecring standpoint; further 1t may reduce certain optical artifacts caused by Fresnel
reflections of ambient light in the layered structure. It will be noted, however, that even 1f the
diffusive layer 1s laminated directly on the top face of light guide, an air gap may still be used
between the lower face and a moderate diffuser (not shown m FIG. 11), which may be laminated
to the top side of LCD control layer 22. In this case, anti-reflection coatings at any of the various
air interfaces of the optical system may be used to help diminish loss of contrast due to reflections
of ambient light.

[0049] In another embodiment, diffusive layer 62 may comprise a surface-relief type
diffusive layer, in which a plurality of light-diffusing features are arranged on a two-dimensional
surface on or within light guide 36. For example, the diffusive layer may comprise periodic or
aperiodic arrays of concave and convex lenslets or dimples or bumps. These can be used as
extraction features, otfering precise control of the escaping light. In one embodiment, the surface
teatures may be molded directly on the hight guide. Suitable molding techniques include thermal
molding and uv-casting, as examples. In another embodiment, a film having such features may be
laminated onto a face of the light guide, rolled thereon (e.g., by heat-press rolling), or formed by
screen-printing.  Screen-printing, in particular, 1s an example option that can offer low up-front
cost as well as low production-volume cost. In such cases, problematic retooling costs associated
with some diffuser technologies may be avoided. Further, screen-printing, rolling, and similar
methods may reduce by one the number of laminations that would be required by alternative
methods. Surface features that can be applied by rolling or screen printing include white TIR-
frustrating dots, microdots, or diffusing pads. In other embodiments, the dots, microdots or
diffusing pads may be visibly transparent, but infrared-reflective, such as a dichroic coated surface
relief embedded within the light guide.

[0050] When coated with an anti-reflection coating, the diffusive layer arranged on the
lower face may be less prone to scatter ambient light, providing a display surface having an overall
cleaner and less milky appearance. In this context, 1t will be understood that display contrast may
be reduced when any diffusive layer is placed in front of the display surface. Display contrast loss
may increase as a given diffuser i1s placed at a plane further away from the display surface. Also,

for a given separation distance, the display contrast loss increases as diffusing strength of the
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diffusive layer increases. In order to help reduce contrast loss due to diffuse ambient reflection, as
opposed to direct image degradation caused by viewing a display layer through a diffuser, an anti-
reflection coating may be applied to both sides of the air gap — on the lower face of the diffuser
(laminated or molded onto lower face of light guide) and on the upper face of the moderate
diffuser placed or laminated on top face of display. When using a surface relief-type diffuser
disposed on lower face of light guide, one notable advantage includes a directional bias 1n
scattered light toward the top by as much as 30% as compared to the light energy escaping toward
the bottom, thus increasing the efficiency of usage of projected light toward objects on or near
display surface 12.

[0051] Diffusion of light from volume- and surface-rehief type diffusive layers can be
described mathematically. When modeling such diffusion, it 1s convenient to represent the

character of a substantially planar diffusive layer by a Gaussian distribution, rotationally
symmetric m direction cosine space, and having a width determined by the diffusion strength G.
Accordingly, a desired target ¢ can be related to an expected required normal transmitted

distribution profile as described below.

[0052] For the volume-type diffusive layer, a convolution of # equal Gaussians gives

0, =02 +6> +.+6> =\n6*,

where 0; 1s the full-width at half maximum (FWHM) of the angular scatter profile of each layer, ©

represents the same angular width under the assumption that all diffuse layers are equal, and 0.4 15
the resulting effective angular scatter profile for n contiguous layers having equal scatter profile.
Inside the diffusive medium, the optical path 1s increased relative to the surface normal by a factor

cp, where

1
b
cost,,,

Cp_

and 0,,, 1s the average of the » Gaussians. For the volume-type diffusive layer, the optical path is

doubled, so

2
0 = 2¢,0% .

and also,

Oy
\ZCP |

When modeling via any suitable ray trace utility, the angular spread 1s defined in terms of a

9N=

Gaussian having width defined by ¢. In such case, ¢ can be converted into an eftfective FWHM

angular width using the following relationship:,

Gef — 2 11]20,
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and the corresponding effective angular width in air can be estimated as follows:,

ey
0,7 oy = 28" “Lsin —Z | |,
my 2

The desired normal exit profile 1n air of the volume-type diffusive layer 1s theretore

eg air
eN,az’r — A .

\ 2¢,

In such manner, the target diffuse character (defined by &) for achieving a given output uniformity

across the exit face of the light guide may be computed for a given light guide thickness,
interaction length, material absorption loss, and pomnting and divergence of the coupled hight.
Then, the resulting ¢ may be converted to a more physical design metric 1n order to select an
appropriate diffusive layer—as some diffusers are characterized for angular scatter profile at
normal incidence and 1n air. Finally, 1t will be noted that as the above analysis deals with Gaussian
profiles, significant departure the angular scatter profile from Gaussian may influence the effective
angular width used i1n the modeling above. In such case as a volume-type diffusive layer, the
profile may be more appropriately described by a Henyey-Greenstein profile, and thus exhibit a
profile such that half the energy within the profile exists within an angular width that 15 slightly
beyond the FWHM of the protile, thus requiring an additional factor based on energy distribution.
However, 1t 1s thought that once a target ¢ 15 determined through model optimization, such
conversion of the sigma value as described above may provide a reasonably close description of
the diftuse character required of the diffusive layer at normal incidence and in air, so that a suitable
diffusive layer may be chosen for the light guide.

Similarly, for a surface-reliet ditfusive layer,

0, =+/07 + 07 +...+ 07

For model inside media, use measured reflected full-width at half maximum, at mean angle,

|
“p = c0os 0 Om
ave

Now, the expected transmission response at normal incidence 18 determined,

0, = sin”! msmn(0,/2) 0,

1 2

Finally, the following relationship 1s obtained:

Gejf = C,.GT, where C, = eeM .
T
[0053] Application of the theory above provides guidance for the conversion of

appropriate values of ¢ to meaningful angular scatter profile widths for diffusive layers 62 in the

various embodiments contemplated herein. In one example, with the coupling structure
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embodiment illustrated in FIG. 3, the calculated optimum value of ¢ for providing uniform
illumination from the light guide depends strongly on the interior angles of the corner prism, the
value changing from 0.035 for a 60 degree interior angle adjacent rod lens 46 to 0.06 for a 75
degree interior angle.

[0054] Additional parameters that affect the uniformity distribution at the exit face of the
light guide include: the thickness ¢ of the light guide, the length L of the diffuser interaction region,
the material absorption at the vision-system emitter wavelength(s), and the angular distribution of
the light coupled into the light guide. As might be expected, the rate of extraction of light
increases over a given distance with an increasing number of retlections at the light-conduit /
diffusive layer interface. As such, a thinner light guide will exhibit more reflections over a given
distance as compared with a thicker light guide, thus requiring a less strongly diffusive layer. For
similar reasons, interaction over a longer region L will require a less strongly diffusive layer.
Further, attenuation due to material absorption causes light loss at an increased rate over a given
distance, and thus will require a less strongly diffusive layer in order to maintain uniformity. The
angular content of the light coupled into the light guide 1mpacts the number of reflections the light
undergoes for a given thickness, and thus dictates a need for a weaker diffuser in embodiments
where the diffusive layer 1s coupled to the lower face of the light guide. As such less diffusing
power 1s needed for higher input angles in order to maintain uniformaity at the exit face.

[0055] In one embodiment, diffusive layer 62 may be uniformly diffusive as a function of
distance from on¢ or more collection optics n the coupling structure—e. g., from rod lens 46 1n
FIG. 11. It may comprise an homogenously formed volume-type diffusive layer or a surface-reliet
type diffusive layer in which the dimples, dots, lenslets, efc., are of sitmilar size, focal properties,
and/or diffusing power, and are spaced homogencously. In such embodiments, the light flux
escaping the upper face of light guide 36 will be maximum near the coupling structure and waill
decay exponentially with increasing distance from the coupling structure.

[0056] In embodiments where such a diffusive layer 1s used, and where light 1s coupled
into a single edge-face of light guide 36, the 1llumination may be stronger towards the edge of the
light guide where the light 1s received. In embodiments where such a diffusive layer 1s used, but
where light 1s coupled into two opposing edge faces of the light guide, the resulting 1llumination
may be more uniform, and may be satisfactorily uniform for some applications.

[0057] However, to provide illumination of still greater uniformity, embodiments are
contemplated wherein the light-diffusing strength ¢ of the diffusive layer changes as a function of
distance from the coupling structure. For example, the light-diffusing strength may increase with
increasing distance from the coupling structure; the diffusive layer may be minimally diffusive
nearest the coupling structure and may become increasingly diffusive with increasing distance

from the coupling structure. A graded diffusive layer of this kind may comprise an
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inhomogeneously formed volume-type diffusive layer, with a density of scattering centers
increasing with increasing distance from the coupling structure, or, a surface-reliet type diffusive
layer in which the dimples, dots, lenslets, efc., are arrayed 1n a series of increasing size, increasing
diffusing power or decreasing pitch, as distance from the coupling structure increases. In
embodiments where light 1s coupled into opposing edges of the light guide, the light-diffusing
strength of the diffusive layer may be weaker nearest the opposing edges and stronger 1n a middle
portion of the light guide. In some cases, the varation 1n diffuse strength required to achieve high
uniformity across the exit face of the light guide may be substantially Gaussian i shape, having a
non-zero bias.

[0058] In embodiments where the light-diffusing strength of diffusive layer 62 changes as
a function of distance from the coupling structure, the change may be continuous—resulting from
a contmuous change 1n scattering center density, surface-reliet feature properties, efc. In other
embodiments, the change in light-diffusing strength may be realized in discrete steps—resulting
from a stepwise change 1n these propertics. By way of example, FIG. 12 shows a graph of
irradiance data for a light guide having a stepped variable diffusive layer applied to the lower face.
In this example, the diffusive layer comprises ten stripe-shaped zones of equal width aligned

parallel to the opposing edge faces of the light guide, from which the light 1s coupled into the light

guide. Here, the light-diffusing strength & of the stripe shaped zones increases in the series 0.075,
0.076, 0.088, 0.110, 0.140 from one edge to the middle of the light guide, then decreases in the
series 0.140, 0.110, 0.088, 0.076 and 0.075 to the other edge. In the graph of FIG. 12, the relative
intensity of light projected from the light guide 1s plotted on the vertical axis, and distance in terms
of diffusing zones across the light guide 1s plotted on the horizontal. Note that although the
average intensity 1s fairly constant across the light guide, intensity dips associated with transition
between the zones are apparent. When the diffusing strength i1s varied in a continuous manner
across the light guide, as opposed to stepped, the output uniformity across the light guide may be
further improved.

[0059] Returning now to FIG. 11, diffusive layer 62 will generally cause light to escape
from light guide 36 with comparable upward and downward flux. While the exit angle of the
escaping light may be large enough, and the field ot view of 1maging detector 26 small enough, to
avold significant contrast loss due to downwardly scattered light reaching the 1maging detector, 1t
remains true that such light would be wasted absent some measure to reclaim 1t. In some
embodiments, theretore, the light guide may comprise a retflective and transmissive filter layer
arranged parallel to the diffusive layer and on a side of the diffusive layer opposite the display
surface. The filter layer may be more retlective and less transmissive to light ot greater incidence
angles than to light of lower incidence angles. Further, the filter layer may be more retlective and

less transmissive to infrared light than to visible light.
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[0060] Accordingly, the embodiment illustrated i FIG. 11 includes filter layer 64
disposed on the lower face of light guide 36. The filter layer may be configured to exhibit
wavelength-selective transmissivity and reflectivity as described above. In particular, the filter
layer may be substantially transmissive in the one or more visible wavelength bands, for example,
and much more reflective to incident light at relatively large incidence angles than to incident light
at relatively small mcidence angles. Such properties are illustrated by example m FIG. 13, m
which reflectance R 1s plotted as a function of wavelength for two ranges of incidence angles.
Applied to the lower face of the light guide, the filter layer may increase the efficiency of object
1llumination by 50 to 100 percent by redirecting downwardly diffused light that would otherwise
escape the lower face of the light guide and be unusable for illumination of objects 16 on display
surface 12.

[0061] Filter layer 64 may comprise an interference coating. In one embodiment, the
filter layer may have the structure of a dichroic filter, n which a plurality of thin (10 to 100
nanometer) layers of controlled refractive index are stacked upon each other. In another
embodiment, the filter layer may have the structure of a rugate filter, in which the refractive index
of a material varies continuously in a controlled manner. In one embodiment, the filter layer may
be designed to exhibit phase-matching at the light guide interface where i1t 1s applied, so that
Fresnel reflections are minmimized. In this case, light guide 36 may be laminated onto another
substrate whilst preserving the TIR condition at the laminate interface. By combining the filter
layer with lamination, 1t 1s possible to provide a high-contrast display image while increasing the
ctticiency of the vision-system illuminator. Moreover, lamination may increase the rigidity of the
layered optical system, enabling an overall thinner design, thereby improving vision-system
fidelity.

[0062] FIG. 14 1s a schematic, cross-sectional view showing aspects of an optical system
in another example embodiment. In optical system 66, sheet-like light guide 36 itself serves as the
protective layer. In this embodiment, the light guide 1s disposed above LCD control layer 22.
Surtace-reliet type dittusive layer 62 1s arranged on the lower ftace of the light guide, for etficient
illumination of objects on or near display surface 12, and a thin air gap is provided to optically
1solate the light guide.

[0063] Continuing in FIG. 14, moderately dittusive layer 44 1s laminated on the top face
of LCD control layer 22, and the vision system, substantially as described hereinabove, 1s arranged
below the LCD control layer. In view of at least three design aspects, each described above 1n the
context of other embodiments, the configuration illustrated in FIG. 14 provides highly etficient
illumination of objects arranged on or near display surface 12. First, the LCD control layer is
arranged outside of the illumination path of the light guide, where it causes no attenuation of the
projected light. Second, surface-reliet type diffusive layer 62 1s arranged on the lower face of the

light gmide, where 1t may bias the 1llumination towards the display surface. Third, filter layer 64 1s

16



CA 02768070 2012-01-12
WO 2011/022632 PCT/US2010/046141

arranged below the diffusive layer and 1s configured to redirect a substantial amount of the light
that does diffuse in the downward direction so that it becomes useful for 1lluminating the objects.

[0064] Finally, it will be understood that the articles, systems and methods described
herein are exemplary in nature, and that these specific embodiments or examples are not to be
considered n a limiting sense, because numerous variations are contemplated. Accordingly, the
present disclosure mcludes all novel and non-obvious combinations and sub-combinations of the

various systems and methods disclosed herem, as well as any and all equivalents thereof.
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CLAIMS:
1. An integrated vision and display system comprising:

a display-image forming layer configured to transmit a display image for viewing through a
display surface;

an imaging detector configured to 1image infrared light of a narrow range of angles relative to the
display surface normal, the 1maged mfrared light mcluding a reflection from one or more
objects arranged on or near the display surface;

a vision-system emitter configured to emit the mirared light, for illuminating the one or more
objects; and

a visible- and infrared-transmissive light guide having opposing upper and lower faces, configured
to receive the mfrared light from the vision-system emuitter, to conduct the infrared light via
total mnternal reflection from the upper and/or lower face, and to project the mfrared light onto
the one or more objects outside of the narrow range of angles relative to the display surface

normal.

2. The system of claim 1, wherein the light guide i1s layered between the display-image

forming layer and the display surface.

3. The system of claim 1, wherein the display-image forming layer 1s layered between the

light guide and the display surface.

4. The system of claim 1, wherein the vision-system emitter comprises a plurality of infrared

emitters arranged along one or more edges of the light guide.

5. The system of claim I, wherein the light guide 1s wedge-shaped, having opposing first and
second edge faces of unequal height adjacent the upper and lower faces, and wherein infrared light
from the vision-system emitter 1s conducted from the first edge face toward the second edge face,
meets the upper or lower tace at a subcritical incidence angle, and refracts out of the light guide to

illuminate the one or more objects.

6. The system of claim 1, wherein the light guide i1s sheet-like, having opposing first and
second edge faces of substantially equal height adjacent the upper and lower faces and a diffusive
layer arranged parallel to the upper and lower faces, and wherein infrared light from the vision-
system emitter 1s conducted from the first edge face toward the second, interacts with the diftusive

layer, and 1s diffused out of the light guide to illuminate the one or more objects.
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7. The system of claim 6, wherein the diftusive layer comprises a plurality ot light-diftusing

features distributed on a three-dimensional volume on or within the light guide.

8. The system of claim 6, wherein the diffusive layer comprises a plurality of light-diffusing

features arranged in a two-dimensional surface on or within the light guide.

9. The system of claim 6, wheremn a light-diffusing strength of the diffusive layer mcreases

with increasing distance from the vision-system emuitter.

10. The system of claim 9, wherein the light-diffusing strength increases continuously with

increasing distance from the vision system emitter.

11. The system of claim 9, wherein opposing collection optics couple infrared light into
opposing edges of the light guide, and wherein a light-diffusing strength of the diffusive layer 1s

weaker nearest the opposing edges and stronger 1n a middle portion of the light guide.

12. The system of claim 1, wherein the light guide comprises a reflective and transmissive
filter layer arranged parallel to the diffusive layer and on a side of the diffusive layer opposite the
display surface, wherein the filter layer 1s more reflective and less transmissive to light of greater
incidence angles than to light of lower incidence angles, and wherein the filter layer 1s more

reflective and less transmissive to infrared light than to visible light.

13. The system of claim 12, wherein the filter layer comprises one or more of an interference

filter, a dichroic filter, and a rugate filter.

14. The system of claim 1, further comprising a computer configured to send display data to
the display-image forming layer and to receive image data from the imaging detector, wherein the
computer 1s responsive to a position of the one or more objects arranged on or near the display
surface, and to an increasing or decreasing contact area between the one or more objects and the

display surface.
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