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causing each of a plurality of masks to be illuminated sequen-

28, 2010. tially, each mask having a different pattern.
Scanning range -, 402
f,ﬂszaa {408} ¢owe el
a12 ' i ;
ol Projected patterns :
e 406
Operating gzgjﬁ ¥ modulator X-tontrol o
Systen iy pmiw}f (414) 5y {4318}
{41
¥ modulator { ¥-control
i) @0) | L=
Projectoy {Zi}:}; \
Sync ager
{404}

image




Aug. 30,2012 Sheet 1 of 9 US 2012/0218464 A1

Patent Application Publication

g1 sundyg

Y
% - - ;4
{aothopmp ey |

i

{go1) ;

¥R




Aug. 30,2012 Sheet 2 of 9 US 2012/0218464 A1

Patent Application Publication

o g g
LN y

{,,..w..w
R

For o)

e sy



Patent Application Publication  Aug. 30,2012 Sheet 3 of 9 US 2012/0218464 A1

Figure 2B

i
5%
4

262

104

33

Bbrrow £ 14

olimmor {235 l



Aug. 30,2012 Sheet 4 of 9 US 2012/0218464 A1

Patent Application Publication

PORIGIRG T %

{TEVE ) sEag

{907}

CEF comonit 5T

¢ amig

CTEVE R

§ ingRbiae o




US 2012/0218464 Al

Aug. 30,2012 Sheet 5 of 9

Patent Application Publication

{yov)

adeu

ra8euy

w%mw Jopraloi

JUAG

{0z
IO A

{91y}
JOIBINPOW A

t

{90%)

%..\i\ t B

- adues Bupuuedg

JONUOD-Y

EAR
JOYRINPO ¥

— Staed pajosfod

e

¥ aandid

08383044
jeusig
feusdig

Ty —

{019}
WEISAS
Bunesadn




Aug. 30,2012 Sheet 6 of 9 US 2012/0218464 A1

Patent Application Publication

(zos) Aesie uswap  JoPBioig
jeopdo uonoegg

{901} 18s€7

AOLHU-OIIHA]

T {p0s) usned papslod

i
3
E
3
i
1
i
:
i
i
i
¥
¥
i
3
i
3
i
}
i
i
i
i
3
i
3
i
:
%
%
i
¥
4
¥
3
E
3
¥
3
4
3
Y

o0s =
G 8indiy



US 2012/0218464 Al

Aug. 30,2012 Sheet 7 of 9

Patent Application Publication

Sy B .
.&mmmmmmmﬁmw_ 5300 jeses R

0] sues
DU LM
123149 UOLION

i Ag paessusi
P susaney
N mmm paddepsan

0 sundy

9 andy

SN S MR N S S S SR S S S S S S S S S S S S S S S S e S S e e g

{zos) Avrie yupwiagg
R0 VORIBLHG

_ .ﬁé}g?i {901} 42587

S L N S L N W N e W W W e
VeV M W W W WA Y WS Y WML WAL WA WAL WAL WL WA WAL WL AR AR

(z09) |
uoidag mw%mtm»mx ,ﬁtmmwuﬁ
SRS
g 2indi



US 2012/0218464 Al

Aug. 30,2012 Sheet 8 of 9

Patent Application Publication

{z0v} 3o9lgo {002
uianed papalodd

£ andig



US 2012/0218464 Al

Aug. 30,2012 Sheet 9 of 9

Patent Application Publication

{9 28815} PUBLLILLIOD
SOULLIBIBPR JBII0IU0D

*
H

{g a8e1s) sisApue
01 BuIpIoIle HIRgPIY
SBAB0 JBDAIOT

:

g 2undid4

(¢ o8m5)
DBIEIED SBNRA (I d

{z 98u18)
uoysod smau jpnoe
$O {3luswBIns W

SLLITIRY JOSUSS

{1 s8es}

uoisod Mau € 0}
FOL- QI BUY
SSAOUE J0IENIIE




US 2012/0218464 Al

METHOD AND SYSTEM FOR STRUCTURED
LIGHT 3D CAMERA

[0001] This Application claims priority from U.S. Provi-
sional Application No. 61/427,497, filed 28 Dec. 2010, which
is hereby incorporated by reference as if fully set forth herein.

FIELD OF THE INVENTION

[0002] The present invention relates to a time-multiplexed
structured (coded) light camera, in which the light patterns
are formed by means of a micro-mirror illuminating a mask,
which may optionally comprise an array of diffraction ele-
ments.

BACKGROUND OF THE INVENTION

[0003] Coded light is a method for 3D geometry acquisi-
tion, in which the object of interest is illuminated by a time-
multiplexed sequence of patterns, e.g., horizontal or vertical
stripes of varying width, forming a binary or Gray code.
Using a camera calibrated with the projecting system, the 3D
geometry is recovered by triangulation (the code allows to
establish correspondence between the camera and the projec-
tor coordinate systems in each pixel).

[0004] A critical element of a coded light camera is the
projection system capable of illuminating the object with a
rapidly changing sequence of patterns. Typically, 3-14 pat-
terns are required to reconstruct a 3D image with sufficiently
high resolution; hence, in order to acquire 30 depth frames/
second (fps), the projector must be able to project the patterns
at a sufficiently rapid rate (typically, 90-420 {ps).

[0005] Current available designs of coded light systems use
standard computer-controlled projectors, based on LCD,
ELCOS, or DMD (digital micro-mirror device) micro-mirror
arrays of Texas Instruments® illuminated by a LED light
source.

[0006] The DMD of Texas Instruments® is an optical
MEMS (micro-electronic mechanical system) device, com-
posed of several hundred thousand microscopic mirrors
arranged in a rectangular array on its surface, which are
individually addressable and tiltable through control by
underlying CMOS (complementary metal-oxide-semicon-
ductor) electronics.

[0007] In operation, for example for use in a coded light
projection system, the DMD is also a spatial light modulator
(SLM) device. As such, although the device itself is quite
complicated and expensive, operationally the underlying
algorithms are relatively straightforward. Each micro-mirror
is individually controllable, permitting any desired sequence
of patterns to be easily created and projected. Unfortunately,
its expense renders the use of the DMD, and other similar
systems, much less practical for coded light projection sys-
tems.

SUMMARY OF SOME EMBODIMENTS OF THE
INVENTION

[0008] The background art does not teach or suggest a
system or method for a coded light projection system which is
fast and accurate, yet inexpensive.

[0009] The present invention overcomes these drawbacks
of the background art by providing a system or method for a
coded light projection system which is fast and accurate, yet
inexpensive, through the provision of suitable patterns by a
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plurality of masks, illuminated with a light beam that is
reflected by a pivoting mirror, which is preferably a single
pivoting minor but may optionally be two such pivoting mir-
rors. The plurality of masks may for example optionally com-
prise any array of diffractive elements. Each mask corre-
sponds to a pattern to be projected. The masks are illuminated
sequentially at the desired frame rate through rotation of the
mirror and hence reflection of the light beam; for example, for
a frame rate of 300 fps, the masks need to be illuminated
sequentially at 300 Hz to produce the desired sequence of
patterns. Overall, the obtained frame rate is determined from
the number of mask patterns per cycle times number of Hz
(scanning rate of the mirror) and preferably ranges from 10
fps to 1000 fps. As an example, A mirror operating at a
scanning rate of X Hz and toggling (selecting) between Y
patterns would project patterns at a rate of X*Y Hz. For
example, a mirror scanning rate of 40 Hz for toggling between
10 patterns would yield patterns projected at a rate of 400 fps
(i.e.400 Hz). The mask array can be one dimensional (vector)
or two dimensional (matrix).

[0010] According to at least some embodiments, the mask
produces a structured light pattern (e.g. horizontal or vertical
stripes). In one embodiment of the invention, amplitude
masks are used. An amplitude mask is combination of trans-
parent (e.g. glass or plastic) and partially transparent or fully
non-transparent material (e.g. metal coating) that when illu-
minated by the light beam partially or fully blocks the light at
partially or fully transparent regions of the mask and passes
the light at transparent parts of the mask. The functional
principle of such a system is similar to a slide projector where
the slide acts as an amplitude mask.

[0011] In another embodiment of the invention, a diffrac-
tion optical element (DOR) is used as the mask. Diffraction
optics is based on the fact that light exhibits wave properties
when interacting with objects at the scale of its wavelength.
Typically, diffraction phenomena are observed when coher-
ent light (laser) passes through a grating. By designing the
grating, it is possible to control the resulting diffraction pat-
tern, and thus create an image of the desired structure light
pattern.

[0012] The mask can be coupled with other optical ele-
ments as is known in the art of optical system design. In one
embodiment of the invention, the mask is one-dimensional,
and is coupled with optical elements such as cylindrical lens
ornon-uniform diffuser that creates a two-dimensional image
out of a one-dimensional profile. For example, in order to
create a pattern of vertical stripes, a one-dimensional hori-
zontal profile (line) of the stripes is created by illuminating a
one-dimensional mask, and then a lens or diffuser is used to
open the one-dimensional profile in the vertical direction into
a two-dimensional image.

[0013] Preferably, the mirror is characterized as a micro-
mirror, in that the size of the mirror is microscopic. Preferred
mirror sizes may optionally be, for example, from about 1
micro-meters to about 5 mm across (by comparison, for the
DMD, each micro-mirror is about 16 micro-meters across).
The mirror may optionally be made of any suitable material,
such as aluminum, gold or silicon for example.

[0014] Typically, such a micro-mirroris held in a frame that
forms a gimbal structure, for micro-mirror devices that are
known as “mirror-in-frame” devices. The mirror is able to
pivot due to one or more pivots, which permit the mirror to
pivot about one or more axes, respectively. The pivots may
include torsional springs that provide a restoring force for the
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mirror plate in a desired position. The position of the mirror is
determined by the angle ofthe mirror within the frame and the
angle of the frame with respect to the support of the gimbaled
structure. The term “position detection of the mirror” may
also include position detection of both mirror and frame
where appropriate. The mirror and frame may include one or
more thin electrode(s) on its surface. Typically, one electrode
will be present on each side of a pivot, so for example for two
pivots (for permitting pivoting about two axes), there will be
four electrodes in total. Each electrode is paired with a second
electrode on a substrate; the presence of a charge between
each pair of electrodes causes the mirror to pivot accordingly,
through activation of electrostatic, electromagnetic, piezo-
electric actuation, stepper motors, or thermal bimorphs. A
pivot spring is typically used to urge the mirror back to a
resting position once the charge is discontinued. Of course,
this is only intended as a non-limiting example of a micro-
mirror device; many such devices are known in the art and
could easily be implemented by one of ordinary skill in the
art.

[0015] The control of an array of many such micro-minors
is well known in the art. Such control typically involves two
aspects: initiation of movement of the micro-mirrors (i.e.
—control of micro-mirror actuation); and feedback to deter-
mine whether any correction to such movement is required.
Some non-limiting examples of feedback systems which are
known in the art for applicability to micro-mirror control
include optical feedback control, the addition of piezoresis-
tive deflection sensors to the suspension pivot beams of the
inner mirror and the outer frame, in which the output of the
angle sensors is a measure of deflection around the two axes
of rotation and is used to control the servo mechanisms that
control the angle of deflection of the mirror; and sliding mode
control, as described for example in U.S. Pat. No. 6,958,850,
which is hereby incorporated by reference as if fully set forth
herein. Non-limiting examples of optical feedback control
include a system in which the mirror is controlled by maxi-
mizing the optical power of a collimated optical beam
reflected from the minor and received in an optical fiber with
photo tabs; and systems using a Position Sensing Detector
(PSD) ora CCD (charge-coupled device) camera to detect the
position of a light beam reflected from the mirror.

[0016] Any suitable control system as is known in the art
may optionally be used in order to cause the minor to be
located at a suitable position such that the light beam sequen-
tially illuminates each mask in an array of masks. The masks
themselves preferably do not move. The above examples of
micro-mirrors and their control are given for the purposes of
illustration only and are not intended to be limiting in any
way.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A and 1B show highly schematic diagrams
of a micro-minor projector according to at least some
embodiments of the present invention;

[0018] FIG. 2 shows two non-limiting, exemplary illustra-
tive schematic block diagrams of a micro-mirror projector
according to at least some embodiments of the present inven-
tion;

[0019] FIG. 3 shows a sequence of different patterns cre-
ated by a motion of micro-mirror 102;

[0020] FIG. 4 shows an exemplary, non-limiting embodi-
ment of an imaging system;
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[0021] FIG. 5 shows a schematic diagram of an illustrative,
exemplary imaging system;

[0022] FIGS. 6A-6C and FIG. 7 show the effects of sequen-
tially illuminating a plurality of elements of the diffraction
optical element array; and

[0023] FIG. 8 relates to an exemplary method according to
at least some embodiments of the present invention for per-
forming a process with a system such as that described in FIG.
4 for example.

DESCRIPTION OF SOME EMBODIMENTS OF
THE INVENTION

[0024] At least some embodiments of the present invention
are now described with regard to the following illustrations
and accompany description, which are not intended to be
limiting in any way.

[0025] Referring now to the drawings, FIGS. 1A and 1B
show highly schematic diagrams of a micro-mirror projector
according to at least some embodiments of the present inven-
tion. As shown in FIG. 1A, a micro-mirror projector 100
features a micro-mirror 102 which is capable of pivoting
about two axes as shown by the arrows. As previously
described, micro-mirror 102 may optionally be pivoted about
two axes by the presence of two pivots. As micro-mirror 102
pivots, a laser beam 104 from a laser diode 106 is reflected in
various directions as shown, as a non-limiting example of a
light beam from a light source (although the description cen-
ters around laser diodes as the light source, it is understood
that optionally any suitable light source may be used).
[0026] FIG. 1B shows a different embodiment of a micro-
mirror projector 108, which features two micro-mirrors 102
that are only capable of pivoting about one axis each, as
shown by the arrows. Other components having the same or
similar function as in FIG. 1A have the same numbering.
[0027] The array of masks is not shown in FIGS. 1A and
1B, but is illustrated in FIGS. 2A and 2B.

[0028] FIG. 2 shows two non-limiting, exemplary illustra-
tive schematic block diagrams of a micro-mirror projector
according to at least some embodiments of the present inven-
tion. Inthe embodiment of FIG. 2A, a first mask configuration
is shown; in the embodiment of FIG. 2B, a second mask
configuration is shown; both of which are non-limiting
examples.

[0029] FIG. 2A shows a schematic diagram of a micro-
minor projector 200 according to at least some embodiments
of the present invention. As shown, micro-mirror projector
200 features micro-mirror 102 of FIG. 1A that is capable of
pivoting about two axes as previously described. As micro-
mirror 102 pivots, a laser beam 104 from laser 106, collimated
by a collimator 202 as shown, illuminates each mask of an
array of masks 204 as shown. Such sequential illumination
creates a pattern 206 of light in space and time as shown.
[0030] Laser beam 104 hits the array of masks 204 at a
specific location, for a short period of time. Preferably, the
masks of array of masks 204 and their relative location, and
the calibration between laser beam 104 and micro-minor 102,
is designed such that there is sufficient tolerance to permit
laser beam 104 to hit the desired location such that the desired
pattern is generated. Feedback systems for various types of
micro-mirrors are known in the art and could be implemented
herein, for example as previously described.

[0031] Each mask of mask array 204 preferably produces a
structured light pattern (e.g. horizontal or vertical stripes). As
an optional, non-limiting example, in one embodiment of the
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invention, mask array 204 comprises a plurality of amplitude
masks. An amplitude mask is combination of transparent
material (e.g. glass or plastic) and partially transparent or
fully non-transparent material (e.g. metal coating) that when
illuminated by a light beam, such as laser beam 104, partially
or fully blocks the light at partially or fully transparent
regions of the mask and passes the light at transparent parts of
the mask. The functional principle of such a system is similar
to a slide projector where the slide acts as an amplitude mask.
[0032] In another embodiment of the invention, each mask
of mask array 204 may optionally comprise a diffraction
optical element (DOE). Diffraction optics is based on the fact
that light exhibits wave properties when interacting with
objects at the scale of its wavelength. Typically, diffraction
phenomena are observed when coherent light (laser) passes
through a grating. By designing the grating, it is possible to
control the resulting diffraction pattern, and thus create an
image of the desired structure light pattern.

[0033] FIG. 2B shows another non-limiting embodiment,
in which the mask is one-dimensional. As shown, a micro-
mirror projector 250 features micro-mirror 102 of FIG. 1A
that is capable of pivoting about two axes as previously
described. As micro-mirror 102 pivots, a laser beam 104 from
laser 106, collimated by a collimator 252 as shown, illumi-
nates each mask 260 of an array of masks 254 as shown. Such
sequential illumination creates a pattern 256 of light in space
and time as shown.

[0034] However, each mask 260 is one-dimensional and so
is constructed differently from the mask of mask array 204 of
FIG. 2A. Mask 260 features an optical element 262 which
creates a two-dimensional image out of a one-dimensional
profile. Optical element 262 may optionally comprise any
suitable optical device as is known in the art, including but not
limited to a cylindrical lens or non-uniform diffuser. For
example, in order to create a pattern of vertical stripes, a
one-dimensional horizontal profile (line) of the stripes is cre-
ated by illuminating one-dimensional mask 260, and then
optical element 262, such as a lens or diffuser, is used to open
the one-dimensional profile in the vertical direction into a
two-dimensional image.

[0035] In operation, micro-mirror projector 250 functions
similarly to that of FIG. 2A. Laser beam 104 hits the array of
masks 254 at a specific location, for a short period of time.
Preferably, the masks of array of masks 254 and their relative
location, and the calibration between laser beam 104 and
micro-mirror 102, is designed such that there is sufficient
tolerance to permit laser beam 104 to hit the desired location
such that the desired pattern is generated. Feedback systems
for various types of micro-mirrors are known in the art and
could be implemented herein, for example as previously
described or as described with regard to the non-limiting
exemplary method of FIG. 8 below.

[0036] The motion of micro-mirror 102 creates a sequence
of different patterns, as shown in FIG. 3. Components having
the same or similar function as in FIG. 2A have the same
numbering. As shown, on the left, mask 1 of mask array 204
is illuminated by laser beam 104 (mask 1 is indicated by
shading). On the right, after micro-mirror 102 pivots, mask 2
of mask array 204 is illuminated by laser beam 104 (mask 2 is
indicated by shading). Of course, a similar process could
optionally be followed with the mask implementation of FIG.
2B.

[0037] FIG. 4 shows an exemplary, non-limiting embodi-
ment of an imaging system 400 according to at least some
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embodiments of the present invention, which features projec-
tor 200 for illuminating a three-dimensional object 402 with
coded light and an imager 404 for collecting the reflected
coded light from object 402. The patterns projected by pro-
jector 200 are shown as projected patterns 406; a scanning
range 408 is also indicated by the labeled shape outlined by
dotted lines.

[0038] As previously described, the operation of the micro-
mirror or micro-minors within projector 200 needs to be
controlled so that suitable patterns are projected in space and
time. A suitable degree of precision with regard to the move-
ments of the micro-mirror(s) enables such suitable patterns to
be projected. In the non-limiting embodiment shown herein,
control is provided through an operating system 410, which
performs the necessary calculations regarding the move-
ments of the micro-mirror(s). Operating system 410 receives
information regarding the current position of the micro-mir-
ror(s) through a DSP (digital signal processor) 412 and then
calculates the next position of the micro-mirror(s) according
to the desired pattern to be produced. Determining the actual
pattern to be produced and the timing of changes between
patterns is well known in the art, and could be determined by
anyone skilled in the art of coded light projection. Typically
the patterns are gray code, binary codes or some other type of
pattern as is known in the art. Operating system 410 then
issues one or more commands through DSP 412 regarding
one or more movements of the micro-mirror(s) as required.

[0039] DSP 412 communicates to an X-modulator 414 and
a'Y-modulator 416, each of which in turn communicates with
a micro-mirror X-control 418 and a micro-mirror Y-control
420, for controlling pivoting of the micro-mirror(s) in the X
andY axes, respectively, for example through an actuator (not
shown). Feedback and calibration of the position of the
micro-mirror(s) could easily be performed as is known in the
art and could be determined by someone of ordinary skill in
the art. Optionally, only micro-mirror Y-control 420 is imple-
mented such that only movement along the Y-axis is permit-
ted. In any case DSP 412 provides a signal that allows the
mechanism moving the micro-minor to move the micro-mi-
nor periodically and scan the array of masks (not shown). For
example and without wishing to be limited, the signal from
DSP 412 could be a saw-tooth activation signal that causes the
minor to periodically and systematically scan a one-dimen-
sional vector of masks or a two-dimensional array of masks.

[0040] Asshown, DSP 412 communicates with imager 404
for synchronization, while imager 404 in turn provides the
image data to DSP 412. Synchronization is optionally
achieved through the deformed pattern by which the recon-
struction of the image from the image data is performed. Also
a synchronization pattern may be used to detect the geometric
relation between the imager 404 and the projector 200.

[0041] Calibration of the overall imaging system 400 is
preferably performed at least once at the start of obtaining
image data but may optionally be performed one or more
times during the process of obtaining image data. Optionally,
one of the patterns of the mask array could be a calibration
pattern (which is a bit different than the rest of the patterns)
for such an initial and/or intermittent calibration, which may
optionally be used to “tune” the above geometric relation and
also to set various operational parameters of system 400.

[0042] FIG. 5 shows a schematic diagram of an illustrative,
exemplary imaging system 500, featuring simplified compo-
nents from imaging system 400 of FI1G. 4 for ease and clarity
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ofillustration and without intending to be limiting in any way.
Components with the same or similar function have the same
numbers as for FIGS. 1-4.

[0043] As shown, projector 200 features a plurality of
masks, in this example implemented as a diffraction optical
element array 502. A laser beam from laser 106 is reflected by
micro-mirror 102; as micro-mirror 102 pivots, the beam illu-
minates different elements of diffraction optical element
array 502, causing a pattern of coded light 504 to be projected.
Each element of diffraction optical element array 502 pro-
duces a single pattern.

[0044] Diffraction optical element array 502 may option-
ally be combined with non-uniform diffusers and/or refrac-
tive optical elements (not shown).

[0045] FIGS. 6A-6C and FIG. 7 show the effects of sequen-
tially illuminating a plurality of elements of the diffraction
optical element array. Components with the same or similar
function have the same numbers as for FIGS. 1-5. FIG. 6A
shows imaging system 500 after laser beam has sequentially
illuminated a plurality of elements of diffraction optical ele-
ment array 502, resulting in a plurality of projected patterns
600 having an overlapping region 602. Each element of dif-
fraction optical element array 502 produces a single pattern
(as previously described, a mask may optionally comprise a
diffraction optical element, such that a mask array may
optionally comprise a diffraction optical element array). Piv-
oting by micro-mirror 102, and hence differential reflection
of'the laser beam, causes the pattern to be shifted horizontally
so that for each element of diffraction optical element array
502, the pattern does not change within the overlapping
region 602, as the laser beam illuminates each element of
diffraction optical element array 502 with a sufficiently brief
duration to stabilize the pattern. FIG. 6B shows the resultant
motion effect within the pattern generated by the same ele-
ment of diffraction optical element array 502, while FIG. 6C
shows the overlapped patterns generated by a plurality of
elements of diffraction optical element array 502. FIG. 7
shows an exemplary projected pattern 700 on three-dimen-
sional object 402 as viewed by imager 404, as a result of the
process outlined in FIGS. 6 A-6C.

[0046] FIG. 8 relates to an exemplary method according to
at least some embodiments of the present invention for per-
forming a process with a system such as that described in FIG.
4 for example. The process is a closed-loop feedback process
that generally depends upon an actuator (a mechanism that
moves the mirror), a sensor that senses the actual position of
the mirror (which may optionally comprise a capacitor and/or
optical feedback control as described with regard to U.S. Pat.
No. 6,985,271, hereby incorporated by reference as if fully
set forth herein), and a controller that receives sensor mea-
surements and controls the actuator to ensure the mirror
moves with constant speed. The controller may optionally be
part of the operating system described with regard to FIG. 4.
[0047] The process does not require any type of measure-
ment regarding the mask array, the location of the masks or
the type of mask, as these are known and fixed parameters
which are assumed not to change during the process. Specific
implementations of such processes for micro-mirrors are
known in the art generally, although not for generating struc-
tured light (see for example “Closed-loop feedback-control
system for improved tracking in magnetically actuated
micro-mirrors”, by Pannu et al, pages 107-108, 2000, IEEE/
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LEOS International Conference on Optical MEMS). There-
fore the details provided herein relate specifically to the gen-
eration of structured light.

[0048] Closed-loop feedback processes for moving micro-
mirrors need to respond dynamically to feedback, with a short
“settling time” (time to reach the new desired position of the
mirror) and rejection of external disturbances. In the case of
structured light, the required precision of the feedback pro-
cess (and the corresponding tolerance for “settling time” and
external disturbances) depends at least partially upon the
number of masks and their relative location. As the number of
masks and their relative density increases, the required pre-
cision of the feedback process also increases.

[0049] For the purpose of illustration only, the feedback
process described in the method of FIG. 8 relates to a PID
(proportional integral derivative) method, although any other
suitable method could be selected and implemented by one of
ordinary skill in the art. In stage 1, the actuator moves the
micro-mirror to a new position, for example according to the
operation of the previously described system of FIG. 4. In
stage 2, the sensor returns one or more measurements of the
actual new position of the micro-mirror (by “position” it is
meant at least a change in angle of the micro-mirror). In stage
3, three error values are calculated: the proportional, integral
and derivative values. In stage 4, each of these error values is
examined to determine whether a further change in the micro-
mirror position is required. The proportional value relates to
the current error, which is the difference between the actual
position of the micro-mirror and its desired position. If the
proportional error is greater than a certain threshold, then
optionally an immediate correction is required. The integral
value relates to accumulated error; this value is optionally
used to provide feedback to the actuator regarding future
changes in the micro-mirror position and also for the current
position. However, the derivative, or rate of accumulation of
errors, is preferably used to adjust the extent to which the
integral value provides feedback regarding previous errors, so
as to avoid overshoot. In stage 5, a controller receives feed-
back, calculated according to stage 4, regarding the change in
position of the micro-mirror. Optionally one or more heuris-
tics may also be applied at this stage, for example regarding
the optical effect of imprecision of the position of the micro-
mirror. In stage 6, the feedback is used by the controller to
determine a new command to the actuator, and the method
preferably begins again with stage 1.

[0050] It is appreciated that certain features of the inven-
tion, which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of'a
single embodiment, may also be provided separately or in any
suitable sub-combination.

[0051] Although the invention has been described in con-
junction with specific embodiments thereof, it is evident that
many alternatives, modifications and variations will be appar-
ent to those skilled in the art. Accordingly, it is intended to
embrace all such alternatives, modifications and variations
that fall within the spirit and broad scope of the appended
claims. All publications, patents and patent applications men-
tioned in this specification are herein incorporated in their
entirety by reference into the specification, to the same extent
as if each individual publication, patent or patent application
was specifically and individually indicated to be incorporated
herein by reference. In addition, citation or identification of
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any reference in this application shall not be construed as an
admission that such reference is available as prior art to the
present invention.

What is claimed is:

1. A projector for projecting coded light, comprising a light
source for providing a light beam, a single micro-minor
capable of pivoting in two or one axes for reflecting said light
beam and a plurality of masks for being illuminated sequen-
tially by said reflected light beam, wherein each mask
projects a pattern.

2. A projector for projecting coded light, comprising a light
source for providing a light beam, two micro-mirrors each of
which is capable of pivoting in a single axis for reflecting said
light beam, wherein each axis of each micro-mirror is a dif-
ferent axis, and a plurality of masks for being illuminated
sequentially by said reflected light beam, wherein each mask
projects a pattern.

3. The projector of claim 1, wherein said light source is a
laser source.

4. The projector of claim 3, wherein said laser source emits
radiation in the near infra-red spectrum.

5. The projector of claim 1, wherein said plurality of masks
comprises a diffraction optical element (DOE) array.

6. The projector of claim 1, wherein said plurality of masks
comprises an array of amplitude masks.

7. The projector of claim 1, wherein said plurality of masks
comprises an array of non-uniform diffusers.

8. The projector of claim 7, wherein said plurality of masks
comprises an array of diffractive optical elements combined
with non-uniform diffusers.

9. The projector of claim 1, wherein said plurality of masks
comprises an array of diffractive optical elements combined
with refractive optical elements.

10. The projector of claim 1, wherein each mask of said
plurality of masks comprises an optical element and a one-
dimensional mask.
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11. The projector of claim 10, wherein said optical element
is selected from the group consisting of a cylindrical lens or
non-uniform diffuser.

12. The projector of claim 1, wherein said plurality of
masks is arranged in a one-dimensional vector.

13. The projector of claim 1, wherein said plurality of
masks is arranged in a two-dimensional array.

14. The projector of claim 2, wherein said light source is a
laser source.

15. The projector of claim 14, wherein said laser source
emits radiation in the near infra-red spectrum.

16. An imaging system, comprising a projector according
to claim 1 and an imager.

17. The system of claim 16, further comprising an operat-
ing system for controlling said micro-mirror(s).

18. The system of claim 17, further comprising an actuator
for positioning the micro-mirror(s) and a sensor for sensing a
position of a micro-mirror, and wherein said operating system
further comprises a controller for receiving one or more mea-
surements from said sensor and for controlling said actuator
according to feedback from said one or more measurements.

19. A method for providing structured light, comprising
providing the system of claim 18; positioning the micro-
mirror(s) by said actuator; sensing a position of a micro-
mirror by said sensor; determining an error in said measure-
ments from said sensor; and adjusting said actuator according
to said error.

20. The method of claim 19, wherein said determining said
error comprises determining at least a proportional error,
optionally adjusted according to one or both of integral or
derivative error; and wherein said adjusting said actuator
comprises determining a position of said micro-mirror at least
partially according to said determined error.
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