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(57) ABSTRACT

A proximity sensor including a housing, light emitters
mounted in the housing for projecting light out of the housing
along a detection plane, light detectors mounted in the hous-
ing for detecting amounts of light entering the housing along
the detection plane, whereby for each emitter-detector pair
(E, D), when an object is located at a target position p(E, D) in
the detection plane, corresponding to the pair (E, D), then the
light emitted by emitter E is scattered by the object and is
expected to be maximally detected by detector D, and a pro-
cessor to synchronously activate emitter-detector pairs, to
read the detected amounts of light from the detectors, and to
calculate a location of the object in the detection plane from
the detected amounts of light, in accordance with a detection-
location relationship that relates detections from emitter-de-
tector pairs to object locations between neighboring target
positions in the detection plane.
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OPTICAL PROXIMITY SENSOR FOR TOUCH
SCREEN AND ASSOCIATED CALIBRATION
TOOL

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a non-provisional of U.S. Provi-
sional Application No. 62/021,125, entitled OPTICAL
TOUCH SCREEN SYSTEMS, and filed on Jul. 5, 2014 by
inventor Per Rosengren, the contents of which are hereby
incorporated herein in their entirety.

[0002] This application is a continuation-in-part of U.S.
application Ser. No. 14/312,787, entitled OPTICAL PROX-
IMITY SENSORS, and filed on Jun. 24, 2014 by inventors
Stefan Holmgren, Sairam lyer, Richard Berglind, Karl Erik
Patrik Nordstrom, Lars Sparf, Per Rosengren, Erik Rosen-
gren, John Karlsson, Thomas Eriksson, Alexander Jubner,
Remo Behdasht, Simon Fellin, Robin Aman and Joseph
Shain, the contents of which are hereby incorporated herein in
their entirety.

[0003] U.S. application Ser. No. 14/312,787 is a continua-
tion-in-part of U.S. application Ser. No. 14/140,635, entitled
LIGHT-BASED PROXIMITY DETECTION SYSTEM
AND USER INTERFACE, now U.S. Pat. No. 9,001,087, and
filed on Dec. 26, 2013 by inventors Thomas Eriksson and
Stefan Holmgren.

[0004] U.S. application Ser. No. 14/312,787 is a continua-
tion of PCT Application No. PCT/US14/40112, entitled
OPTICAL PROXIMITY SENSORS, and filed on May 30,
2014 by inventors Stefan Holmgren, Sairam Iyer, Richard
Berglind, Karl Erik Patrik Nordstrom, Lars Sparf, Per Rosen-
gren, Erik Rosengren, John Karlsson, Thomas Eriksson,
Alexander Jubner, Remo Behdasht, Simon Fellin, Robin
Aman and Joseph Shain.

[0005] PCT Application No. PCT/US14/40112 claims pri-
ority benefit from:

[0006] U.S. Provisional Patent Application No. 61/828,
713, entitled OPTICAL TOUCH SCREEN SYSTEMS
USING REFLECTED LIGHT, and filed on May 30,
2013 by inventors Per Rosengren, Lars Sparf, Erik
Rosengren and Thomas Eriksson;

[0007] U.S. Provisional Patent Application No. 61/838,
296, entitled OPTICAL GAME ACCESSORIES
USING REFLECTED LIGHT, and filed on Jun. 23,
2013 by inventors Per Rosengren, Lars Sparf, Erik
Rosengren, Thomas Eriksson, Joseph Shain, Stefan
Holmgren, John Karlsson and Remo Behdasht;

[0008] U.S. Provisional Patent Application No. 61/846,
089, entitled PROXIMITY SENSOR FOR LAPTOP
COMPUTER AND ASSOCIATED USER INTER-
FACE, and filed on Jul. 15, 2013 by inventors Richard
Berglind, Thomas Eriksson, Simon Fellin, Per Rosen-
gren, Lars Sparf, Erik Rosengren, Joseph Shain, Stefan
Holmgren, John Karlsson and Remo Behdasht;

[0009] U.S. Provisional Patent Application No. 61/929,
992, entitled CLOUD

[0010] GAMING USER INTERFACE, and filed on Jan.
22, 2014 by inventors Thomas Eriksson, Stefan Holmgren,
John Karlsson, Remo Behdasht, Erik Rosengren, Lars Sparf
and Alexander Jubner;

[0011] U.S. Provisional Patent Application No. 61/972,
435, entitled

[0012] OPTICAL TOUCH SCREEN SYSTEMS, and filed
on Mar. 31, 2014 by inventors Sairam lyer, Karl Erik Patrik
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Nordstrom, Per Rosengren, Stefan Holmgren, Erik Rosen-
gren, Robert Pettersson, Lars Spart and Thomas Eriksson;
and

[0013] U.S. Provisional Patent Application No. 61/986,

341, entitled

[0014] OPTICAL TOUCH SCREEN SYSTEMS, and filed
on Apr. 30, 2014 by inventors Sairam Iyer, Karl Erik Patrik
Nordstrom, Lars Sparf, Per Rosengren, Erik Rosengren, Tho-
mas Eriksson, Alexander Jubner and Joseph Shain.
[0015] The contents of these applications are hereby incor-
porated by reference in their entireties.

FIELD OF THE INVENTION

[0016] The field of the present invention is light-based
touch screens and proximity sensors.

BACKGROUND OF THE INVENTION

[0017] Inthe prior art, a one-dimensional array of proxim-
ity sensors is not accurate enough to determine a two-dimen-
sional location of a pointer within a two dimensional plane
extending from the array.

SUMMARY

[0018] Robot measurements indicate that there is a pattern
in the relative signal strengths that repeat within triangles
spanned by three adjacent signals. The robot measurement is
used to learn that pattern, so that a mapping is made from the
relative signal strengths of three signals in a triangle, to the
reflection location and strength of an obstacle within that
triangle. Adjacent triangles give individual detection candi-
dates, which are consolidated into one.

[0019] There is thus provided in accordance with an
embodiment of the present invention a calibration tool for
calibrating parameters of a proximity sensor strip including a
plurality of emitters E and detectors D, wherein the emitters
and detectors are arranged such that the emitters project light
out of the strip along a detection plane and the detectors detect
light entering the strip along the detection plane, and for each
emitter-detector pair (E, D), when an object is located at a
target position p(E, D) in the detection plane, corresponding
to the pair (E, D), then the light emitted by emitter E is
scattered by the object and is expected to be maximally
detected by detector D, the calibration tool including a reflec-
tive object placed parallel to the proximity sensor strip in the
detection plane, the reflective object spanning the length of
the proximity sensor, a mechanism for incrementally moving
the reflective object towards or away from the proximity
sensor along the detection plane, and a processor coupled
with the proximity sensor strip and with the mechanism oper-
able to (i) activate a plurality of the emitter-detector pairs (E,
D) at each incremental move of the reflective object, (ii)
measure detections detected by detector D of each activated
pair, and (iii) calibrate the target positions p(E, D) in the
detection plane according to the distances between the sensor
strip and the reflective object at which maximum detections
are measured.

[0020] There is additionally provided in accordance with
an embodiment of the present invention a method for cali-
brating parameters of a proximity sensor strip including a
plurality of emitters E and detectors D, wherein the emitters
and detectors are arranged such that the emitters project light
out of the strip along a detection plane and the detectors detect
light entering the strip along the detection plane, and for each
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emitter-detector pair (E, D), when the object is located at a
target position p(E, D) in the detection plane, corresponding
to the pair (E, D), then the light emitted by emitter E is
scattered by the object and is expected to be maximally
detected by detector D, the method including providing a
reflective object spanning the length of the proximity sensor
parallel to the proximity sensor strip in the detection plane,
incrementally moving the reflective object towards or away
from the proximity sensor along the detection plane, at each
incremental move of the object, activating a plurality of the
emitter-detector pairs (E, D) to measure detections at detec-
tors D, and calibrating the target positions p(E, D) in the
detection plane according to the distances between the sensor
strip and the reflective object at which maximum detections
are measured.

[0021] There is further provided in accordance with an
embodiment of the present invention a proximity sensor for
identifying a location of a proximal object, including a hous-
ing, a plurality of light emitters, denoted E, mounted in the
housing for projecting light out of the housing along a detec-
tion plane, a plurality of light detectors, denoted D, mounted
in the housing, operable when activated to detect amounts of
light entering the housing along the detection plane, whereby
for each emitter-detector pair (E, D), when an object is
located at a target position p(E, D) in the detection plane,
corresponding to the pair (E, D), then the light emitted by
emitter E is scattered by the object and is expected to be
maximally detected by detector D, and a processor connected
to the emitters and to the detectors, operable to synchronously
activate emitter-detector pairs, to read the detected amounts
of light from the detectors, and to calculate a location of the
object in the detection plane from the detected amounts of
light, in accordance with a detection-location relationship,
denoted D—L, that relates detections from emitter-detector
pairs to object locations between neighboring target positions
in the detection plane.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The present invention will be more fully understood
and appreciated from the following detailed description,
taken in conjunction with the drawings in which:

[0023] FIG. 1 is a simplified illustration of light emitted
from light sources along the solid lines, and reflected along
the dashed lines to light sensors., in accordance with an
embodiment of the present invention;

[0024] FIG. 2 is an illustration of backward and forward
hotspot signal values, in accordance with an embodiment of
the present invention;

[0025] FIG. 3 is an illustration of the signal value relation-
ship between top middle and center hotspots, in accordance
with an embodiment of the present invention;

[0026] FIG. 4 is an illustration of the signal value relation-
ship between right middle and center hotspots, in accordance
with an embodiment of the present invention;

[0027] FIG. 5 is an illustration of the signal value relation-
ship between top right and center backward hotspots, and top
middle and right middle forward hotspots, in accordance with
an embodiment of the present invention;

[0028] FIG. 6is an illustration showing that the relationship
between two signal values vO and v1 (solid lines) is expressed
as r=log(v1)-log(v0) (dashed line), in accordance with an
embodiment of the present invention;
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[0029] FIG. 7 is anillustration using triangles to mark areas
in which all spanning hotspots’ signal values are relatively
strong, in accordance with an embodiment of the present
invention;

[0030] FIG. 8 is an illustration showing detection error
across a 100 by 64 mm touch screen, in accordance with an
embodiment of the present invention;

[0031] FIG. 9 is an illustration showing a 2D histogram of
samples error vectors, in accordance with an embodiment of
the present invention;

[0032] FIGS. 10 and 11 are simplified illustrations of a
proximity sensor, in accordance with an embodiment of the
present invention;

[0033] FIGS. 12 and 13 are simplified illustrations of cali-
bration tools for the proximity sensor of FIGS. 10 and 11, in
accordance with an embodiment of the present invention; and
[0034] FIGS. 14 and 15 are simplified illustrations showing
how the calibration tool of FIG. 13 identifies how the emitters
and detectors of the proximity sensor have been mounted
therein, in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION

[0035] Throughout this description, the terms “source” and
“emitter” are used to indicate the same light emitting ele-
ments, inter alia LEDs, and the terms “sensor’ and “detector”
are used to indicate the same light detecting elements, inter
alia photo diodes.

[0036] Reference is made to FIG. 1, which is a simplified
illustration of light emitted from light sources along the solid
lines, and reflected along the dashed lines to light sensors, in
accordance with an embodiment of the present invention.
FIG. 1 shows how light is emitted straight out from sources in
collimated beams. Light that hits an obstacle is reflected
diffusely. Sensors detect incoming light from reflections in
two narrow corridors that reach out from the sensor in two
fixed directions—both at the same angle away from opposite
sides of the light beams.

[0037] The amount of light that travels from one source to
a sensor depends on how centered the obstacle is on the
source’s beam, and how centered it is on one of the sensor’s
corridors. Such a source/sensor pair is referred to as a
“hotspot”. The obstacle location that gives the highest amount
of'light for a hotspot is referred to as the “hotspot location” or
the “target position” for that source/sensor pair. The device
measures the transmitted amount of light for each hotspot,
and each such measurement is referred to as a “hotspot signal
value”. The measurement normalizes all hotspot signal values
s0 as to have the same range.

[0038] Since light that hits an obstacle is reflected diffusely
and reflections are maximally detected in two narrow corri-
dors at opposite sides of the light beams, the present specifi-
cation refers to a forward direction detection based on all of
the narrow detection corridors in a first direction, and a back-
ward direction detection based on all of the narrow detection
corridors in the second direction. Put differently, the forward
direction includes all detections of emitter-detector pairs in
which the detector of the pair has a higher location index than
the emitter of the pair, and the backward direction includes all
detections of emitter-detector pairs in which the detector of
the pair has a lower location index than the emitter of the pair.
The forward direction may be left or right, depending on
device orientation. A hotspot where the sensor looks in the



US 2015/0309665 Al

backward direction is referred to as a “backward hotspot”,
and vice versa for those looking forward.

[0039] Reference is made to FIG. 2, which is an illustration
of backward and forward hotspot signal values, i.e., signal
values for emitter-detector pairs, in accordance with an
embodiment of the present invention. Hotspot signal values
are sampled with an obstacle placed at locations in a dense
grid spanning all hotspot locations, i.e., all locations at which
an object can be placed such that the emitter-detector pairs
will detect a reflection value. FIG. 2 shows the maximum of
all hotspot signal values at obstacle locations within a region
that spans 3x3 hotspot locations, or target positions, sepa-
rately for backward and forward hotspots. In FIGS. 2-5
hotspot locations are indicated as numbered elements 961-
969 only in the illustrations of backward hotspot signal val-
ues. In FIGS. 2-5 the hotspot locations in the illustrations of
forward hotspot signal values are not indicated as numbered
elements in order to avoid cluttering the figure.

[0040] Reference is made to FIG. 3, which is an illustration
of'the signal value relationship between top middle and center
hotspots, in accordance with an embodiment of the present
invention. Reference is also made to FIG. 4, which is an
illustration of the signal value relationship between right
middle and center hotspots, in accordance with an embodi-
ment of the present invention. Reference is also made to FIG.
5, which is an illustration of the signal value relationship
between top right and center backward hotspots, and top
middle and right middle forward hotspots, in accordance with
an embodiment of the present invention. FIGS. 3-5 show
relationships between two adjacent hotspot signal values.
Each curve follows a fixed relationship value, similar to a
topological map. Reference is also made to FIG. 6, which is
an illustration showing that the relationship between two
signal values v0 and v1 (solid lines) is expressed as a differ-
ence of logarithms of the values (dashed line), in accordance
with an embodiment of the present invention. FIG. 6 shows
the relationship expressed as r=log(v1)-log(v0). This rela-
tionship is drowned in noise when either of the signal values
is.

[0041] The signal value relationship between two vertically
adjacent hotspots corresponds to a curve in FIG. 3. If the
signal values are assumed to be normally distributed with a
certain standard deviation, then that assumption may be used
to find an interpolated location between the hotspot locations
according to FIG. 6, referred to as a “crossing”. It does the
same for two vertically adjacent hotspots next to and at either
side of the first, to create a second crossing. The rationale is
that the obstacle location is somewhere between the two
crossings. If the curves in FIG. 3 are all straight and parallel,
this would be accurate. However, curvature causes inaccu-
racy.

[0042] To account for such curvature, the location between
the crossing is found using the same method, but from the
relationships of horizontally adjacent hotspots. The curves
are now those in FIG. 4. Instead of finding horizontal cross-
ings and selecting the location between both pairs of cross-
ings, a shortcut is used. The vertical crossings are thought of
as virtual hotspots, and each signal value is estimated based
on the real hotspot signal values and the relative distance to
each. The signal value relationship of the crossing’s virtual
hotspots gives the obstacle location directly.

[0043] Since the hotspot signal values for all obstacle loca-
tions have been recorded by a robot, finding a new obstacle
location is achieved by finding the sample whose signals
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match those caused by the obstacle. This may not be efficient,
though, due to high memory and high time complexity. Com-
paring the relationship between the highest signal values and
those of adjacent hotspots should be sufficient.

[0044] Reference is made to FIG. 7, which is an illustration
using triangles to mark areas in which all spanning hotspot
signal values are relatively strong, in accordance with an
embodiment of the present invention. The mapping from
two-dimensional signal relationships to three-dimensional
location and reflectivity is similar in all triangles; especially
so in triangles of the same orientation in the same horizontal
band. This means that the mapping needs to be learned and
stored for only a few triangle groups. It may be observed in
FIG. 2 that there are triangular areas spanned by three
hotspots, in which those three hotspot signal values are all
relatively high. Some of these are drawn in FIG. 7. This means
that the three pairwise relationships between those signals
will be above noise within the area. Out of those three rela-
tionships one is redundant, since it is derivable from the other
two. Within such a triangle, two signal relationships map to a
location within that triangle. It also maps to the reflectivity of
the obstacle relative to the observed hotspot signal values.
These triangular areas cover the whole screen, so the location
and reflectivity of an obstacle is found by finding the triangle
that is spanned by the hotspots with highest signal values, and
mapping the signal relationships to location and reflectivity.

[0045] The mapping transform takes the vertical (FIG. 3)
and diagonal (FIG. 5) signal relationships as input. The input
2D space, from minimum to maximum observed of each
dimension, is covered by a 9x9 grid of nodes. Each node
contains a location expressed in a frame of reference spanned
by the triangle’s edges. The location may be slightly outside
of the triangle. It also contains a compensation factor, which
when multiplied with the highest signal value gives the reflec-
tivity of the obstacle. The four nodes closest to the input are
interpolated with bi-linear interpolation.

[0046] All hotspots that have a signal value above a certain
threshold, and that are stronger than all its eight neighbors, are
evaluated for possible detections. All six triangles that use the
maximum hotspot are screened as possible contributors to the
detection. Each triangle is given a weight that is calculated as
the product of all its hotspot signal values. The highest three
are kept, and their weights are reduced by that of the fourth
highest. The kept triangles are evaluated, and their results are
consolidated to a weighted average, using the weights used
for screening.

[0047] Finding strong signals around which to evaluate
triangles, and tracking, may be performed as described in
applicant’s co-pending U.S. patent application Ser. No.
14/312,787, entitled OPTICAL PROXIMITY SENSORS
and filed on Jun. 24, 2014, the contents of which are hereby
incorporated by reference.

[0048] Using a robot to place a stylus at known locations
opposite the sensor and recording the resulting detection sig-
nals, enables quantifying accuracy of the algorithm. The
recorded sample signal values are sent as input to the algo-
rithm in random order, and the calculated detection locations
based on these inputs are compared to the actual sample
locations.

[0049] Reference is made to FIG. 8, which is an illustration
showing detection error across a 100x64 mm touch screen, in
accordance with an embodiment ofthe present invention. The
2D error vector is color coded according to the legend at the
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right in FIG. 8. The legend circle radius is S mm. FIG. 8 shows
how large, and in what direction, the error is for samples
across the screens.

[0050] Reference is made to FIG. 9, which is an illustration
showing a 2D histogram of sample error vectors, in accor-
dance with an embodiment of the present invention. The units
ofthe axes are mm. FIG. 9 shows the distribution of the errors.
TABLE I below provides the quantified accuracy values.

Measurement Value

Error distances 50:th percentile 0.43 mm
Error distances 95:th percentile 1.04 mm
Error distances 99:th percentile 1.47 mm
True positives 100.0%
False positives 0.0%

[0051] Reference is made to FIGS. 10 and 11, which are
simplified illustrations of a proximity sensor, in accordance
with an embodiment ofthe present invention. FIGS. 10 and 11
show a proximity sensor 501, according to the teachings of
the present invention. Proximity sensor 501 includes light
sources 101-110 and light sensors 201-211, each light source
being situated between two of the sensors. Proximity sensor
501 also includes a plurality of lenses, such as lenses 301 and
302, being positioned in relation to two respective neighbor-
ing ones of the sensors such that light entering that lens is
maximally detected at a first of the two sensors when the light
enters that lens at an acute angle of incidence 01, and light
entering that lens is maximally detected at the other of the two
sensors when the light enters that lens at an obtuse angle of
incidence 62. The lens is positioned in relation to the light
source situated between the two sensors associated with that
lens such that the light from the light source is collimated as
it exits proximity sensor 501. This arrangement provides the
two narrow corridors that extend from each sensor in two
fixed directions away from opposite sides of the projected
light beams discussed above with respect to FIG. 1.

[0052] As discussed above with respect to FIG. 1, the inter-
sections outside proximity sensor 501 between the projected
light beams and the corridors of maximum detection provide
a map of hotspots. Four hotspots are illustrated in FIGS. 10
and 11, two of which are numbed 940 and 941. An object 950
is shown nearest hotspot 940 in FIG. 10. Thus, the maximum
detection of object 950 is generated by source/sensor pairs
104/202 and 104/207. Source/sensor pair 104/202 provides
backward detection, and source/sensor pair 104/207 provides
forward detection, as discussed above. Additional detections
are generated other by source/sensor pairs, e.g., forward
detection source/sensor pair 105/208, because light beams
from source 105 are scattered, and a portion thereof arrives at
sensor 208, but the amount of light detected at sensor 208 is
significantly less than that generated by source/sensor pair
104/207, because the scattered light arriving at sensor 208
does not travel on the corridor of maximum detection.
[0053] FIG. 11 shows proximity sensor 501 of FIG. 10, but
object 950 is moved a distance d the right. In this case similar
amounts of detection will be generated by forward source/
sensor pairs 104/207 and 105/208. Each of these detections
will be less than the detection generated by source/sensor pair
104/207 in FIG. 10 and greater than the detection generated
by source/sensor pair 105/208 in FIG. 10, as explained above
with reference to FIGS. 3-7. The location of object 950
between hot spots 940 and 941 is calculated by interpolating
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the amounts of light detected by source/sensor pairs 104/207
and 105/208. As discussed above with reference to FIG. 7, a
location of object 950 is calculated by performing at least two
interpolations between amounts of light detected by source/
sensor pairs that correspond to three neighboring hotspots,
the neighboring hotspots being the vertices of a triangle in the
detection space.

[0054] Inorderto determine how to interpolate the detected
amounts of light, detection sensitivities are calculated in the
vicinities of the hotspots using a calibration tool that places a
calibrating object having known reflective properties at
known locations in the detection zone outside proximity sen-
sor 501. At each known location, a plurality of emitter-detec-
tor pairs are synchronously activated and amounts of light
detected by neighboring activated detectors are measured.
Repetitive patterns in relative amounts of light detected by the
neighboring activated detectors as the object moves among
the known location are identified. These patterns are used to
formulate detection sensitivities of proximity sensor 501 in
the vicinities of the hotspots which are used to determine how
to interpolate the amounts of light detected in order to calcu-
late the location of a proximal object.

[0055] Reference is made to FIGS. 12 and 13, which are
simplified illustrations of calibration tools for the proximity
sensor of FIGS. 10 and 11, in accordance with an embodiment
of'the present invention. FIG. 12 shows a first calibration tool
that includes motor 903, and shafts 901 and 902 that move
reflective calibration object 905 horizontally and vertically in
relation to proximity sensor bar 501, as indicated by arrows
906 and 907. At each location at which object 905 is placed,
a plurality of source/sensor pairs that correspond to hotspots
in the vicinity of that location are activated and the amounts of
light detected are used to determine the sensitivity in the
vicinity of those hotspots. Multiple such source/sensor pairs
that share a common light source are activated simulta-
neously.

[0056] In some embodiments, the calibration tool, either
that illustrated in FIG. 12 or that illustrated in FIG. 13, is used
on certain representative units of proximity sensor 501, and
the interpolation methods derived therefrom are applied to
other similar units. In other embodiments however, either
calibration tool is used on each unit of proximity sensor 501,
in order to provide interpolations tailored to each individual
proximity sensor.

[0057] FIG. 13 shows a second calibration tool that differs
from that of FIG. 12 in the size and shape of calibration object
905. In FIG. 12 calibration object 905 is modeled as a finger
or stylus typically used with proximity sensor bar 501,
whereas in FIG. 13 calibration object 905 is a rod that spans
the length of proximity sensor bar 501. The rod is covered in
a material having reflective properties similar to those of skin
or of a stylus typically used with proximity sensor bar 501. In
the calibration tool of FIG. 13, shaft 902 remains at a fixed
location on shaft 901, such that object 905 only moves toward
and away from proximity sensor bar 501, as indicated by
arrows 906. In this case, at each location of object 905 the
light sources are activated one after the other and, during each
light source activation, any of the light sensors 201-211 that
may reasonably be expected to detect a significant reflection
therefrom are activated. In some embodiments, all of the light
sensors 201-211 are simultaneously activated with each light
source activation.

[0058] In addition to determining interpolation methods,
the calibration tools are used to map the locations of the
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hotspots that correspond to the source/sensor pairs. Often the
locations of the hotspots are shifted from their expected loca-
tions due to mechanical issues such as imprecise placement or
alignment of a light source or light detector within proximity
sensor 501. When used to this end, numerous proximity sen-
sor units need to be calibrated and the calibration tool of FIG.
13 is more efficient than that of FIG. 12.

[0059] Reference is made to FIGS. 14 and 15, which are
simplified illustrations showing how the calibration tool of
FIG. 13 identifies how the emitters and detectors of the prox-
imity sensor have been mounted therein, in accordance with
an embodiment of the present invention. FIGS. 14 and 15
show how imprecise placement of a light sensor (FIG. 14) or
a light source (FIG. 15) is identified by the calibration tool of
FIG. 13. FIG. 14 shows three rows of hot spots including
hotspots 910-912, 919, 929, and 939. These are expected hot
spot locations, meaning that proximity sensor 501 is designed
to provide maximum detections of reflected light for respec-
tive activated source/sensor pairs when an object is placed at
these locations. This is verified as calibration rod 905 moves
closer to proximity sensor 501. Each row of hot spots is
situated at a fixed distance from proximity sensor 501. Three
distances are shown: H1, H2 and H3.

[0060] FIG. 14 shows how, when light sensor 207 is placed
slightly to the left of its correct position within proximity
sensor 501, maximum detection measured at this light sensor
corresponds to hotspot positions 919, 929" and 939'. Calibra-
tion rod 905 arrives in these positions at different distances
than those expected. FIG. 14 illustrates how calibration rod
905 arrives at hotspot position 919" when it is a distance H3'
from proximity sensor 501. By analyzing a series of local
maximum detections that share a common light sensor and
occur at different distances than those expected, the calibra-
tion system detects the offset of a light sensor from its
expected position. In some embodiments processor 701 con-
trols, or receives input from, motor 903 and processor 701
updates its map of hotspots according to the actual local
maximum detections.

[0061] FIG. 15 shows how, when light source 104 is placed
slightly to the left of its correct position within proximity
sensor 501, maximum detection measured for source/sensor
pairs that include light source 104 are shifted from expected
hotspot positions 916,926 and 936, to positions 916',926' and
936'. FIG. 15 shows how calibration rod 905 arrives at hot
spot position 916' when it is a distance H3' from proximity
sensor 501. By analyzing a series of local maximum detec-
tions that share a common light source and occur at different
distances than those expected, the calibration system detects
the offset of the light source from its expected position.
[0062] In the foregoing specification, the invention has
been described with reference to specific exemplary embodi-
ments thereof. It will, however, be evident that various modi-
fications and changes may be made to the specific exemplary
embodiments without departing from the broader spirit and
scope of the invention. Accordingly, the specification and
drawings are to be regarded in an illustrative rather than a
restrictive sense.

What is claimed is:

1. A calibration tool for calibrating parameters of a prox-
imity sensor strip comprising a plurality of emitters E and
detectors D, wherein the emitters and detectors are arranged
such that the emitters project light out of the strip along a
detection plane and the detectors detect light entering the strip
along the detection plane, and for each emitter-detector pair
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(E, D), when an object is located at a target position p(E, D) in
the detection plane, corresponding to the pair (E, D), then the
light emitted by emitter E is scattered by the object and is
expected to be maximally detected by detector D, the calibra-
tion tool comprising:

a reflective object placed parallel to the proximity sensor
strip in the detection plane, the reflective object span-
ning the length of the proximity sensor;

a mechanism for incrementally moving said reflective
object towards or away from the proximity sensor along
the detection plane; and

a processor coupled with the proximity sensor strip and
with said mechanism operable to (i) activate a plurality
of the emitter-detector pairs (E, D) at each incremental
move of said reflective object, (i) measure detections
detected by detector D of each activated pair, and (iii)
calibrate the target positions p(E, D) in the detection
plane according to the distances between the sensor strip
and the reflective object at which maximum detections
are measured.

2. The calibration tool of claim 1, wherein said processor
further calculates detection sensitivities in the vicinities of the
thus-calibrated target positions p(E, D) according to the
detections measured when the reflective object is in the
vicinities of those distances from the sensor strip at which the
maximum detections are measured.

3. The calibration tool of claim 1, wherein said processor
further determines if any emitter E or detector D is improperly
positioned or oriented based on the distances between the
sensor strip and said reflective object at which the maximum
detections are measured.

4. A method for calibrating parameters of a proximity
sensor strip featuring a plurality of emitters E and detectors D,
wherein the emitters and detectors are arranged such that the
emitters project light out of the strip along a detection plane
and the detectors detect light entering the strip along the
detection plane, and for each emitter-detector pair (E, D),
when the object is located at a target position p(E, D) in the
detection plane, corresponding to the pair (E, D), then the
light emitted by emitter E is scattered by the object and is
expected to be maximally detected by detector D, the method
comprising:

providing a reflective object spanning the length of the
proximity sensor parallel to the proximity sensor strip in
the detection plane;

incrementally moving the reflective object towards or away
from the proximity sensor along the detection plane;

at each incremental move of the object, activating a plural-
ity of the emitter-detector pairs (E, D) to measure detec-
tions at detectors D; and

calibrating the target positions p(E, D) in the detection
plane according to the distances between the sensor strip
and the reflective object at which maximum detections
are measured.

5. The method of claim 4, further comprising calculating
detection sensitivities in the vicinities of the thus-calibrated
target positions p(E, D) according to the detections measured
when the reflective object is in the vicinities of those distances
from the sensor strip at which the maximum detections are
measured.

6. The method according to claim 4, further comprising
determining if any emitter E or detector D is improperly
positioned or oriented based on the calibrated target positions
pE, D).
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7. The method according to claim 6, wherein said deter-
mining ifany emitter E is improperly positioned or oriented is
based on differences between expected target positions and
corresponding calibrated target positions, for a plurality of
emitter-detector pairs, (E, D)), (E, D,), . . ., that share a
common emitter, E.

8. The method according to claim 6, wherein said deter-
mining if any detector D is improperly positioned or oriented
is based on differences between expected target positions and
corresponding calibrated target positions, for a plurality of
emitter-detector pairs, (E;, D), (E,, D), . . ., that share a
common detector, D.

9. A proximity sensor for identifying a location of a proxi-
mal object, comprising:

a housing;

a plurality of light emitters, denoted E, mounted in said
housing for projecting light out of said housing along a
detection plane;

a plurality of light detectors, denoted D, mounted in said
housing, operable when activated to detect amounts of
light entering the housing along the detection plane,
whereby for each emitter-detector pair (E, D), when an
object is located at a target position p(E, D) in the detec-
tion plane, corresponding to the pair (E, D), then the
light emitted by emitter E is scattered by the object and
is expected to be maximally detected by detector D; and

aprocessor connected to said emitters and to said detectors,
operable to synchronously activate emitter-detector
pairs, to read the detected amounts of light from the
detectors, and to calculate a location of the object in the
detection plane from the detected amounts of light, in
accordance with a detection-location relationship,
denoted D—L, that relates detections from emitter-de-
tector pairs to object locations between neighboring tar-
get positions in the detection plane.

10. The proximity sensor of claim 9, wherein the detection-

location relationship D—L is non-linear.

11. The proximity sensor of claim 9, wherein each target
position in the detection plane is a target position for both a
forward emitter-detector pair (E, D1) and a backward emitter-
detector pair (E, D2), that share a common emitter E situated
between detectors D1 and D2 in the housing.

12. The proximity sensor of claim 11, wherein the detec-
tion-location relationship D—L comprises a forward detec-
tion-location relationship, denoted D*—1, that relates detec-
tions from forward emitter-detector pairs to object locations
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between neighboring target positions in the detection plane,
and a backward detection-location relationship, denoted
D™—L, that relates detections from backward emitter-detec-
tor pairs to object locations between neighboring target posi-
tions in the detection plane, and wherein said processor cal-
culates a first location of the object in the detection plane from
the detected amounts of light from forward emitter-detector
pairs in accordance with D*—L, and calculates a second
location of the object in the detection plane from the detected
amounts of light from backward emitter-detector pairs in
accordance with D™—L.

13. The proximity sensor of claim 9, wherein the detection-
location relationship D—L comprises a first detection-loca-
tion relationship, denoted D, —L, that relates detections from
emitter-detector pairs corresponding to neighboring target
positions in the detection plane equally distant from the hous-
ing to object locations, and a second detection-location rela-
tionship, denoted D,—L, that relates detections from emitter-
detector pairs corresponding to neighboring target positions
in the detection plane at different distances from the housing
to object locations, and wherein said processor calculates a
first location of the object from detected amounts of light
corresponding to neighboring target positions equally distant
from the housing in accordance with D, —L, and calculates a
second location of the object from detected amounts of light
corresponding to neighboring target positions at different
distances from the housing in accordance with D,—L.

14. The proximity sensor of claim 13, wherein said proces-
sor:

(1) combines detected amounts of light corresponding to a
first pair of neighboring target positions and calculates a
first location of the object between that first pair of
neighboring target positions from the detected amounts
of light in accordance with one of the detector-location
relationships D, —L and D,—L,,

(i1) combines detected amounts of light corresponding to a
second pair of neighboring target positions and calcu-
lates a second location of the object between that second
pair of neighboring target positions from the detected
amounts of light in accordance with that same one of the
detector-location relationships D;—L and D,—L, and

(iii) calculates a third location of the object from the first
and second combined amounts of light in accordance
with the other one of the relationships D;,—L and
D,—L.



