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epipolar planes; determining a most probable combination by computing a figure of merit for the plausible combinations; identifying
matching points in the frame from the most probable combination.
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STRUCTURED LIGHT MATCHING
OF A SET OF CURVES FROM TWO CAMERAS

TECHNICAL FIELD

[0001] The present invention generally relates to the field of three-dimensional scanning

of the surface geometry of an object, and, more particularly, to structured light stereovision.

BACKGROUND OF THE ART

[0002] Three-dimensional scanning and digitization of the surface geometry of objects 1s
commonly used 1n many industries and services, and their applications are numerous. A few
examples of such applications are inspection and measurement of shape conformity in
industrial production systems, reverse engineering of existing parts with complex geometry,

biometry, etc.

[0003] The shape of an object 1s scanned and digitized using a ranging sensor that
measures the distance between the sensor and a set of points on the surface. Different
principles have been developed for range sensors. Among them, triangulation-based range
sensors are generally adequate for close range measurements, such as distances inferior to a
few meters. Using this type of apparatus, at least two rays that converge to the same feature
point on the object are obtained from two different viewpoints separated by a baseline
distance. From the baseline and two ray directions, the relative position of the observed point
can be recovered. The intersection of both rays 1s determined using the knowledge of one side
length and two angles 1n the triangle, which actually 1s the principle of triangulation 1n
stereovision. The challenge 1n stereovision 1s to efficiently identity which pixels correspond to
each other 1n each image of the stereo pair composing a frame. This problem 1s especially
important for portable or hand held scanners where, 1n the most general case, 1t 1s 1imposed

that all necessary information for matching 1s to be found within a single frame.

[0004] To simplity the matching problem, one can replace one of the light detectors with
a light projector that outputs a set of rays in known directions. In this case, it 1s possible to

exploit the orientation of the projected rays and each detected ray reflected on the object
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surface to find the matching point. It 1s then possible to calculate the coordinates of each

observed feature point relative to the basis of the triangle.

[0005] Although specialized light detectors can be used, digital CCD or CMOS cameras
are typically used.

[0006] For the projector, the light source can be a coherent source (laser) or non coherent
source (e.g. white light) projecting a spot, a light plane or many other possible patterns.
Although the use of a light projector facilitates the detection of reflected points everywhere on
the object surface, the more complex the pattern will be, the greater the challenge will be to

efficiently 1dentity corresponding pixels and rays.

[0007] For this reason, one will further exploit properties from the theory of projective
oeometry. It has been well known 1n the field for at least 30 years 1n the case of two views that
one may exploit epipolar constraints to limit the search of corresponding pixels to a single
straight line, as opposed to the search 1n the entire 1mage. This principle 1s widely exploited
both 1n passive and active (with a projector) stereovision. One example of this usage i1s
described 1n US Pat. No. 8,032,327 wherein a laser projector projects two perpendicular light
planes as a crosshair pattern whose reflection on the surface 1s captured by two cameras.
Projecting thin monochromatic stripes 1s advantageous for obtaining good signal-to-noise ratio
and simplifying 1mage processing to obtain 3D points from each single frame. Having a single
stripe observable by each camera insures that each epipolar line intersects the stripe once thus

avolding matching ambiguities.

[0008] To reduce the time that 1s necessary to capture the shape of the surface of an
object, one will need eirther to increase the frame rate or increase the number of stripes that are
projected simultaneously, or both. One approach that was proposed consists 1n projecting a
orid of stripes. Projecting a grid 1s further interesting for surface reconstruction since the
projected pattern produces a network of curves on the object surface where tangent curves
from two directions make 1t possible to measure the surface normal. Surface normal
information can be advantageously exploited in real-time surface reconstruction from 3D
measurements as described in US Pat. No. 7,487,063. Increasing the number of stripes 1s

advantageous for scanning speed but as the number of stripes 1s increased, the complexity of
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matching 1mage points before applying triangulation grows exponentially and introduces

ambiguities that, in some cases, cannot be resolved.

[0009] One way to solve ambiguities consists in adding one or more cameras but the
hardware complexity increases and that will reduce the frame rate limit for a given bandwidth.
Methods exploiting one or two cameras have been proposed to match points from a projected
orid. The intersection of the reflected curves makes 1t possible to segment and identity
connected networks of curve sections to set additional matching constraints. However, points
that are extracted near the intersection of two curves are less precise. “Near” means within a
distance where 1mage processing operators on pixels from the two curves, interfere. To

maintain precision, one will need to discard and thus lose these points.

[0010] It would be helpful to alternately produce two sets of non crossing curves to
benefit from the surface normal orientation extracted from the surface tangents while avoiding
the projection of a grid 1in a single frame. However, the matching challenge would remain.
One solution would consist 1n projecting multicolored stripes. However, the color reflectivity
on some materials would harm the quality of matching and the projector would need to be
more complex. Another approach imposes to position an object on a planar background that
must be visible 1n each frame. This clearly limits the flexibility of the system, especially when

1t 1s required to measure objects on site without interfering with the environment.

[0011] A need remains for a solution which solves the matching problem independently
for each single frame, with only two cameras, a projected pattern which may change and no

particular constraint on the observed scene.

SUMMARY
[0012] According to one broad aspect, there 1s provided a method for exploiting the

continuity of the blobs to match points in the images.

[0013] According to one broad aspect, there 1s provided a method for matching points
between two 1mages of a scene acquired by two cameras, the method including: extracting
blobs from the reflection 1n the 1images and individually labelling the blobs with a unique

1dentifier; selecting a selected epipolar plane and defining a conjugate epipolar line on each of
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the 1images; 1dentifying plausible combinations including a light sheet label of the projected
pattern and the unique 1dentifier for a plausible blob selected from the blobs 1n each of the
images; calculating a matching error for each of the plausible combinations; repeating the
steps of selecting, 1dentifying and calculating for at least some epipolar planes; determining a
most probable combination by computing a figure of merit for the plausible combinations;

1dentifying matching points in the frame from the most probable combination.

[0014] According to another broad aspect, there 1s provided a method for matching points
between two 1mages of a scene acquired simultaneously by two cameras, the two 1mages
forming a frame, the 1mages each containing a reflection of a projected pattern on the scene,
the projected pattern being provided by a light projector unit projecting sheets of light onto the
scene, the cameras and the projector unit being calibrated in a common coordinate system, the
method including: extracting blobs from the reflection in the 1mages and individually labelling
the blobs with a unique 1dentifier; selecting a selected epipolar plane from a set of epipolar
planes and defining a conjugate epipolar line on each of the images; 1dentifying plausible
combinations, the plausible combinations including a light sheet label of the projected pattern
and the unique 1dentifier for a plausible blob selected from the blobs 1n each of the images, the
plausible blob crossing the conjugate epipolar line; calculating a matching error for each of
the plausible combinations; repeating the steps of selecting, identifying and calculating for
each epipolar plane of the set of epipolar planes; determining a most probable combination by
computing a figure of merit for the plausible combinations using the matching error for each
epipolar plane of the set of epipolar planes; identifying matching points 1n the frame from the

most probable combination.

[0015] According to still another broad aspect, there 1s provided a system for matching
points between two 1mages of a scene, including: a light projector unit projecting sheets of
light onto the scene thereby providing a projected pattern on the scene; two cameras for
simultaneously acquiring the two 1mages of the scene, the two 1mages forming a frame, the
cameras and the projector unit being calibrated 1n a common coordinate system, the 1mages
each containing a reflection of the projected pattern on the scene; a processor for extracting
blobs from the reflection 1n the images and individually labelling the blobs with a unique

1dentifier; selecting a selected epipolar plane from a set of epipolar planes and defining a
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conjugate epipolar line on each of the images; i1dentifying plausible combinations, the
plausible combinations including a light sheet label of the projected pattern and the unique
1dentifier for a plausible blob selected from the blobs 1n each of the images, the plausible blob
crossing the conjugate epipolar line; calculating a matching error for each of the plausible
combinations; repeating the steps of selecting, identifying and calculating for each epipolar
plane of the set of epipolar planes; determining a most probable combination by computing a
figure of merit for the plausible combinations using the matching error for each epipolar plane
of the set of epipolar planes; and i1dentifying matching points in the frame from the most

probable combination.

[0016] According to another broad aspect, there 1s provided a computer-implemented
method performed by at least one computer processor for matching points between two
1mages of a scene, the method including: retrieving two 1mages acquired by a sensor, the two
images forming a frame captured at a single relative position between the scene and the
sensor, the 1mages each containing a reflection of a projected pattern on the scene; extracting
blobs from the reflection 1n the images and individually labelling the blobs with a unique
1dentifier; selecting a selected epipolar plane from a set of epipolar planes and defining a
conjugate epipolar line on each of the images; i1dentifying plausible combinations, the
plausible combinations including a light sheet label of the projected pattern and the unique
1dentifier for a plausible blob selected from the blobs 1n each of the images, the plausible blob
crossing the conjugate epipolar line; calculating a matching error for each of the plausible
combinations; repeating the steps of selecting, identifying and calculating for each epipolar
plane of the set of epipolar planes; determining a most probable combination by computing a
figure of merit for the plausible combinations using the matching error for each epipolar plane
of the set of epipolar planes; 1dentifying matching points in the frame from the most probable

combination; generating an output identifying the matching points in the frame.

[0017] According to still another broad aspect, there 1s provided a computer program
product comprising a computer readable memory storing computer executable instructions
thereon that when executed by at least one computer processor perform the method steps

listed above.
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[0018] In one embodiment, the sensor has two cameras and a light projector unit, the
projected pattern being provided by the light projector unit projecting at least one sheet of
light onto the scene, the cameras and the light projector unit being calibrated 1n a common

coordinate system.

[0019] In one embodiment, the method further comprises validating the matching points

to discard the matching points 1f the figure of merit fails to meet a quality of match threshold.

[0020] In one embodiment, the method further comprises repeating the computer-

implemented method for a plurality of frames.

[0021] In one embodiment, the method further comprises calculating sets of 3D points

using the matching points 1n the frame.

[0022] In one embodiment, the method further comprises estimating a position of the
sensor at each frame to integrate the 3D points 1n a common coordinate system, wherein the
estimating the position of the sensor includes using at least one of targets affixed to the scene,

a geometry of the scene and a texture of the scene.

[0023] In one embodiment, the method further comprises exploiting the 1mages for the

calculating the sets of 3D points to obtain segments of 3D curves.

[0024] According to another broad aspect, there 1s provided a system for matching points
between two 1mages of a scene, including: a sensor including a light projector unit projecting
at least one sheet of light onto the scene thereby providing a projected pattern on the scene;
and two cameras for acquiring the two 1mages of the scene, the two 1mages forming a frame
captured at a single relative position between the scene and the sensor, the images each
containing a reflection of the projected pattern on the scene; wherein the cameras and the light
projector unit are calibrated 1n a common coordinate system; and at least one computer
processor 1n electronic communications with the sensor for retrieving the two i1mages
acquired by the cameras; extracting blobs from the reflection in the images and individually
labelling the blobs with a unique 1dentifier; selecting a selected epipolar plane from a set of
epipolar planes and defining a conjugate epipolar line on each of the images; i1dentifying

plausible combinations, the plausible combinations including a light sheet label of the
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projected pattern and the unique 1dentifier for a plausible blob selected from the blobs 1n each
of the 1mages, the plausible blob crossing the conjugate epipolar line; calculating a matching
error for each of the plausible combinations; repeating the steps of selecting, 1dentifying and
calculating for each epipolar plane of the set of epipolar planes; determining a most probable
combination by computing a figure of merit for the plausible combinations using the matching
error for each epipolar plane of the set of epipolar planes; and 1dentifying matching points in
the frame from the most probable combination; at least one computer output 1in electronic
communications with the processor for generating an output 1dentifying the matching points

in the frame.

[0025] In one embodiment, the light projector unit includes two light projectors each
projecting at least one sheet of light onto the scene, the projected pattern being provided by a
single one of the two light projectors at each frame and the projected pattern differing for each

of the two light projectors.
[0026] In one embodiment, the at least one sheet of light 1s a plane of light.

[0027] According to yet another broad aspect, there 1s provided a computer readable
memory having recorded thereon statements and instructions for execution by at least one
computer processor, the statements and instructions comprising: code means for retrieving
two 1mages acquired by a sensor, the two 1mages forming a frame captured at a single relative
position between the scene and the sensor, the 1mages each containing a reflection of a
projected pattern on the scene; code means for extracting blobs from the reflection in the
images and individually labelling the blobs with a unique 1dentifier; code means for selecting
a selected epipolar plane from a set of epipolar planes and defining a conjugate epipolar line
on each of the images; code means for identifying plausible combinations, the plausible
combinations including a light sheet label of the projected pattern and the unique 1dentifier for
a plausible blob selected from the blobs 1n each of the images, the plausible blob crossing the
conjugate epipolar line; code means for calculating a matching error for each of the plausible
combinations; code means for repeating the steps of selecting, identiftying and calculating for
each epipolar plane of the set of epipolar planes; code means for determining a most probable

combination by computing a figure of merit for the plausible combinations using the matching
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error for each epipolar plane of the set of epipolar planes; code means for identifying
matching points 1n the frame from the most probable combination; code means for generating

an output 1dentifying the matching points in the frame.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The above-mentioned features and objects of the present disclosure will become
more apparent with reference to the following description taken in conjunction with the

accompanying drawings, wherein like reference numerals denote like elements and 1n which:

[0029] FIG. 1 includes FIG. 1A and FIG. 1B, wherein FIG. 1A 1s an 1illustration of an
example system configuration with a light projector unit and FIG. 1B 1s an illustration of an

example system configuration with a light projector unit which includes two light projectors;

[0030] FIG. 2 1s an illustration of a light projector unit projecting a set of light planes;

[0031] FIG. 3 1s an illustration of two combined patterns reflected from a planar surface;
[0032] FIG. 4 1s a representation of an epipolar plane overlaid on a scene;

[0033] FIG. 5 depicts a view of the images, a projected pattern and 1ts reflection on an
object;

[0034] FIG. 6 1s a representation of ray crossings from the two cameras and light

projector unit;

[0035] FIG. 7 includes FIG. 7A and FIG. 7B, wherein FIG. 7A depicts one way of
measuring the quality of a match, FIG. 7B depicts another way of measuring the quality of a

match;

[0036] FIG. 8 depicts a graph of the matching error for a set of blobs;

[0037] FIG. 9 1s a flowchart of an example method for matching and producing 3D

points;

[0038] FIG. 10 1s a block diagram of example main components of the system for

matching and producing 3D points.



10

15

20

25

CA 02938104 2016-07-277

WO 2015/118467 PCT/IB2015/050856

DETAILED DESCRIPTION

[0039] In order to efficiently find matches 1n every frame using two cameras, a system

and computer-implemented method are proposed.

[0040] FIG. 1 illustrates an example embodiment of the sensor 100. One or more light
projector units 130 are mounted between the two cameras 110. Each camera 110 has a field of
view 120. Each light projector unit 130 projects a pattern within a respective span 140,
labelled 140a and 140b. In FIG. 1A, the light projector unit 130 includes a single light
projector. In FIG. 1B, the sensor 102 has a different embodiment for the light projector unit
which includes two light projectors 130a, 130b. The light projectors could be laser light

projectors, white light projectors etc.

[0041] In one example embodiment, the baseline 150 between the cameras 110 1s
170 mm and the focal length of the lens of the cameras 1s 5,7 mm. The vergence of the optical
axes of the two cameras 1s about 30°. For the light projector unit 130 shown 1n FIG. 2, the
number of light planes 1s 5 but can vary, for example between 1 and 15 or even more. An
example embodiment 200 of a light projector unit 130 that produces 5 light planes 220,
labelled 220a, 220b, 220c¢, 220d and 220e, 1s 1llustrated in FIG. 2.

[0042] In the embodiment of FIG. 1B, the two light projectors 130a, 130b are oriented so
as to produce different patterns creating intersecting curves 300 on the surface as shown 1n
FIG. 3. The system will alternately project each pattern. Two sets of curves 310 and 320 are
projected by projectors 130a, 130b respectively. They are labelled 310a, 310b, 310c, 310d and
310e and 320a, 320b, 320c, 320d and 320e. For example, in the example embodiment of
FIG. 1B, the light projectors 130a and 130b are themselves oriented at an angle to the object,

for example +30° and -30°, to produce the different patterns.

[0043] As will be readily understood, a projection unit 130 could include a programmable
light projector unit which could project more than one pattern of light. For example, a
projection unit 130 could be programmed to project the two sets of intersecting curves 300

and an additional light plane simultaneously or alternatively.
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[0044] The cameras 110 and the light projector unit 130 are calibrated in a common
coordinate system. This means that intrinsic parameters, including distortion parameters, as
well as extrinsic parameters for both cameras 110 are measured. Each of the sheets of light
that are projected, are calibrated 1in the same coordinate system. In this example, the sheets of
light are planar approximations. It 1s also possible to aftfix bandpass filters on the camera
lenses to match the wavelength of the projector. This will reduce interferences from ambient

light and other sources.

[0045] Using such a sensor 100 with at least one computer processor, 3D points can be
obtained after applying the following computer-implemented method. Two 1mages of a frame
are captured using two cameras 110. The two 1mages are captured simultaneously, meaning
that there 1s no relative displacement between the scene and the sensor 100 during the
acquisition of the images or that this relative displacement 1s negligible. The cameras are
synchronized to either capture the images at the same time or sequentially during an extended
period of time 1n which the relative position of the sensor 100 with respect to the scene
remains the same or varies within a predetermined negligible range. Both of these cases are

considered to be a simultaneous capture of the i1mages by the sensor.

[0046] Once the two 1mages of a frame have been captured, 1mage processing 1s applied.
The two 1mages contain the reflection of the projected pattern in the scene, from the two
respective viewpoints of the cameras 110. The reflected pattern appears as a set of curve
sections 1n each 1image. These curve sections appear lighter than the background 1n the 1images
and can be segmented using state of the art techniques. One technique consists 1in thresholding
the 1mage signal. Segmentation validation can be applied since the profile of a curve 1s
typical; 1t appears 1n an 1image as a crest profile. The width can also be validated. To reduce an
impact of noise, the length of a curve segment will also exceed a minimum threshold that 1s
set to a predetermined number of pixels, such as 2 pixels, for example. The pixels that are part
of the same connected component define a blob that 1s indexed with a label. The position of
the center of the profile section 1s finally estimated for each pixel line along the blob before

joining these centers to compose a polyline.

10
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[0047] Once the two 1mages of a frame have been segmented, an epipolar plane 1s
selected. An example epipolar plane 430 1s shown 1n FIG. 4 which 1s an illustration 400 of an
epipolar plane 430 overlaid on a scene 420. The epipolar planes share a common line segment
between the center of projection 450 and 460 of the two cameras C1 and C2. The line segment
C1-C2 acts as a rotational axis for defining the epipolar planes. Thus, the set of epipolar
planes can be indexed using a parameter angle or, equivalently, a pixel coordinate 1n an
image. An epipolar plane intersects the two 1mage planes and thus defines two conjugate
epipolar lines. Without loss of generality, assuming a rectified stereo pair of 1images, each
1mage line 1s an index of an epipolar plane. In the case illustrated in FIG. 4, the scene 420 1s
planar. A ray 440 arising from the center of projection 470 of Projector P 1s shown 1n dotted

line. The curve profiles 410 reflected from the scene 420 are apparent. They are labelled 410a,
410b, 410c¢, 410d and 410e.

[0048] FIG. 5 depicts a view 500 of the images, a projected pattern and 1ts reflection on
an object. For each epipolar plane, or equivalently for each line of pixels 1n the images, the
segmented blobs crossing the current line 1n both 1mages are 1dentified to generate a list of
blob indices for each image. The first camera C1 1s represented by 1ts center of projection 552
and 1ts 1mage plane 540. The second camera C2 1s represented by 1ts center of projection 554
and 1ts 1mage plane 542. The projector P 1s illustrated by a center of projection 470 and an
image plane 536. It 1s not necessary that the center of projection 470 of the projector be
located on the baseline between the centers of projection 552, 554 of the cameras although 1t

1s the case 1n the example embodiment of Fig. 3.

[0049] The intersection 550 between the 1mage planes and the epipolar plane 1s shown
using a dotted line. Rays 522, 520 and 524 belong to the same epipolar plane. The projector
projects a light plane 532 onto the object 544, thus producing a reflected curve 510. This
reflected curve 510 1s then 1imaged 1n the first image captured by the first camera C1 (1maged
curve 530) while 1t 1s also 1imaged 1n the second 1mage captured by the second camera C2
(1maged curve 534). Point 546 on reflected curve 510 1s then present on imaged curves 530,
534 and should be properly 1dentified and matched in these images to allow finding 1ts 3D

coordinates. The 1maged curves 530, 534 intersect the 1illustrated epipolar plane on
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intersection 550 along rays 522 and 520, originating from the reflected curve 510 on the

object 544.

[0050] Since the light projector unit and the cameras are calibrated in the same coordinate
system, 1t 1S possible to index triplets of indices where a triplet (11, 12, IP) 1s composed of the
index of the curve 1n the first image I1, the index of a candidate corresponding curve 1n the
second 1image 12 and the index of the light sheet 1n the projector IP. The number of possible
combinations is O(N°) which is the order of growth of the number of combinations as N, the
number of light sheets in the projected pattern, grows. In order to limit the number of
combinations, one may analyze the intersections 610 of the line rays within the epipolar plane
and attribute an error measure to a given intersection. FIG. 6 1s a representation 600 of ray
crossings from the two cameras and the projector. Rays 604 and 606 are captured by cameras
C2 and C1 respectively. Ray 602 1s projected by the projector P. For the projector P, the rays
can be indexed using an angle 630. Some intersections 610 are a more probable match, such
as intersection 610b which appears to cross 1n a single point while other intersections, such as

intersections 610a and 610c have a greater error.

[0051] FIGS. 7A and 7B 1llustrate two example error measurements that can be attributed
to an intersection. In FIG. 7A, the error measure 700 1s the minimal sum of distances between
a point and each of the three rays. In FIG. 7B, the error measure 702 1s the distance between
the intersection of the two camera rays and the projector ray. Other variants are possible. The
number of plausible combinations can be reduced significantly after imposing a threshold to
the obtained values. When the sheets of light of the projector can be approximated by planes
that are indexed by an angle, the second error measure can be computed efficiently while

allowing one to keep only the closest plane. This will reduce the matching complexity to

O(N?).

[0052] After completing these operations, one obtains a list of triplets of potential
matches where each 1s attributed an error and the index of the epipolar plane. This operation 1s
repeated for all epipolar planes crossing blob segments, typically (although not necessarily)

for all rows of pixels 1n the rectified images.
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[0053] The triplets along with their associated error and epipolar index are then tracked
against the epipolar index. In FIG. 8, a graph 800 of the errors with respect to the epipolar
index 1s depicted for each of four triplets with curves 802, 804, 806 and 808. Graph 800
combines the information for all plausible triplets. More importantly 1t integrates, for a given
triplet, all the information for a blob along the epipolar planes. Thus, for example, after
calculating the average error for a given curve, one will obtain a figure of merit for matching
the corresponding triplet. In FIG. 8, the triplet whose error 1s depicted at curve 806 would
produce the best figure of merit in this example. The average error can be further validated
after applying a threshold. One can also further validate by making sure there 1s no ambiguity.
Actually, for short curve sections, 1t 1s possible that more than one triplet will present a low
average error. In this case, the match would be rejected. It 1s worth noting that a curve may
locally reach a lower minimum than the curve with the best figure of merit such as 1s the case
with curve 808. This will happen, for instance, when the projected light sheet 1s not perfectly
calibrated or when there 1s higher error 1n peak detection of the curves in the images. FIG. 8
further shows that the 1dentified curves are not necessarily of the same length. That will

depend on the visibility of the reflected curved 1n both images.

[0054] After completion of the matching step for a given frame, 3D points are calculated
from the observations for each triplet. For that purpose, one may minimise the distance
between the 3D point and each of the three rays 1n space. It 1s then assumed that the projected
light sheets are very well calibrated, either parametrically or using a look-up table (LUT) to
eventually obtain more accurate measurements. In practical applications, the projected light
sheet produced through commercial optic components may not correspond exactly to a plane.
For this reason, the use of a LUT may be more appropriate. Another possible approach
consists 1n only exploiting the 1images from the two cameras for the final calculation of the 3D
points. One may otherwise minimise the reprojection error of a 3D point, in the 2D 1mages. It
1s then not necessary to accurately calibrate the projected planes. Moreover, 1n this latter case,
the 3D measurement 1s less affected by the profile of the reflected signal such as a texture
discontinuity on the surface of the object. The resulting 3D points are more accurate. After

calculating the sets of 3D points, one obtains segments of 3D curves.
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[0055] Example steps for the matching method 900 are shown in FIG. 9. Blobs are
extracted 910 in both 1mages. An epipolar plane 1s selected 920. All plausible triplet
combinations along the selected epipolar plane are identified 930. A figure of merit 1s
calculated 940 for each of the triplet combinations. When all figures of merit are calculated,
each 1mage blob 1s associated 950 with the most plausible triplet. Each match 1s validated 960.
The sets of 3D points are then calculated 970.

[0056] The method benefits from the spatial continuity of the blobs that are matched over
several epipolar planes as opposed to independent matching along each of the epipolar planes.
Nevertheless, 1t 1s still possible that some matching errors remain. For instance, a blob may
appear as a Y’ shape structure 1n one 1mage, due to the incidental projection of two curves on
a specific geometry. Furthermore, 1f the number of planes increases, for instance beyond 15,
the number of ambiguities may also increase. However, those ambiguities would have to stay
persistent from one frame to the other to affect the surface when a surface reconstruction
method such as that described in US Pat. No. 7,487,063 takes the 3D points as input. Actually,
this type of approach 1s well adapted for eliminating outlier observations since the surface 1s

reconstructed 1n areas where multiple observations have been acquired.

[0057] When integrated in a mobile 3D sensor system, that 1s when there 1s relative
motion between the object and the sensor, the system estimates 1ts position at each frame 1n
order to integrate 3D points 1n a common coordinate system. The system may estimate the
position of the sensor at each frame using targets, such as retro-reflective targets, for example,
or using the geometry or texture of the object when the object 1s rigid (or “quasi-rigid”). When
the system further integrates a camera that captures the texture, the pose of the sensor may

also be calculated after matching texture characteristics.

[0058] In the example embodiment shown 1n FIG. 3, two such sets of light sheets produce
two sets of curves 310 and 320, in this case parallel lines, when projected on a plane. The
system then projects alternating sets of light sheets with different orientations. The 3D curve
sections that would be captured on the surface of an object make 1t possible to estimate local
tangent vectors on the surface of the observed object. Moreover, while alternating light sheet

sets, local tangent vectors can be calculated along different directions and from these 3D
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tangent vectors, one will calculate the surface normal orientation on the surface. Surface

normal information can help improve 3D surface reconstruction.

[0059] FIG. 10 1s a block diagram showing example main components of the system 980.
The sensor 982 includes a first camera 984 and at least a second camera 986 as well as a light
projector unit 988 including at least one light projector. A frame generator 990 may be used to
assemble the 1mages captured by the cameras 1in a single frame. The sensor 982 1s 1n
communications with at least one computer processor 992 for implementing the processing
steps to match points between the images of the frame. The computer processor(s) 992 1s 1n
electronic communications with an output device 994 to output the matched points and/or any
additional or intermediary outputs. As will be readily understood, 1t may be necessary to input
data for use by the processor(s) 992 and/or the sensor 982. Input device(s) 996 can therefore
be provided for this purpose.

[0060] As will be readily understood, although the method described herein 1s carried out
with two 1mages thereby forming triplet combinations, more than two images could be
acquired per frame and the combinations could contain more than three elements.
Alternatively or additionally, 1f more than two images are acquired per frame, the triplet
combinations for two of these images could be used to match the points and the additional

image(s) could be used to validate the match.

[0061] The techniques described above may be implemented, for example, 1n hardware,
software tangibly stored on a computer-readable medium, firmware, or any combination
thereof. The techniques described above may be implemented in one or more computer
programs executing on a programmable computer including a processor, a storage medium
readable by the processor (including, for example, volatile and non-volatile memory and/or
storage elements), at least one input device, and at least one output device. Program code may
be applied to input entered using the imnput device to perform the functions described and to

generate output. The output may be provided to one or more output devices.

[0062] Each computer program within the scope of the claims below may be
implemented 1n any programming language, such as assembly language, machine language, a

high-level procedural programming language, or an object-oriented programming language.
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The programming language may, for example, be a compiled or interpreted programming

language.

[0063] Each such computer program may be implemented 1n a computer program product
tangibly embodied 1n a machine-readable storage device for execution by a computer
processor. Method steps of the invention may be performed by a computer processor
executing a program tangibly embodied on a computer-readable medium to perform functions
of the invention by operating on input and generating output. Suitable processors include, for
example, both general and special purpose microprocessors. Generally, the processor receives
instructions and data from a read-only memory and/or a random access memory. Storage
devices suitable for tangibly embodying computer program instructions include, for example,
all forms of non-volatile memory, such as semiconductor memory devices, including
EPROM, EEPROM, and flash memory devices; magnetic disks such as internal hard disks
and removable disks; magneto-optical disks; and CD-ROMs. Any of the foregoing may be
supplemented by, or incorporated 1n, specially-designed ASICs (application-specific
integrated circuits) or FPGAs (Field-Programmable Gate Arrays). A computer can generally
also receive programs and data from a storage medium such as an internal disk (not shown) or
a removable disk. These elements will also be found 1n a conventional desktop, a portable
computer or workstation computer as well as other computers suitable for executing computer
programs implementing the methods described herein, which may be used 1n conjunction with
any digital print engine or marking engine, display monitor, or other raster output device
capable of producing color or gray scale pixels on paper, film, display screen, or other output
medium. Other mobile devices such as tablets, phablets, smartphones, personal digital
assistants, portable computers, laptops, wearable computers, etc. suitable to execute the

computer programs described herein could also be used.

[0064] Although the above description relates to example embodiments as presently
contemplated by the inventors, 1t will be understood that the invention in 1ts broad aspect
includes equivalents and variants of the elements described herein. The embodiments
described above are intended to be exemplary only. The scope of the invention 1s therefore

intended to be limited solely by the appended claims.

16



CLAIMS:

[. A computer-implemented method performed by at least one computer processor for
matching points between two images of a scene, the method including;:

retricving two images acquired by a sensor, said sensor comprising at least a first camera,

a second camera and a light projector unit, the light projector unit projecting a

projected pattern onto said scene, said two 1mages forming a frame captured at a

single relative position between the scene and the sensor, said images each

containing a reflection of the projected pattern projected by the light projector unit

on said scene, wherein the projected pattern comprises at least one sheet of light,

each sheet of light being labelled with a corresponding light sheet label;

extracting blobs from said reflection in said images and individually labelling said blobs

with a unique 1dentifier;

selecting a selected epipolar plane from a set of epipolar planes and defining a conjugate
epipolar line on each of said images, wherein the selected epipolar plane of the set
of epipolar planes is defined by a center of projection of each of the first and the

second cameras and a corresponding point located on an extracted blob;

identifying plausible combinations, said plausible combinations including a light sheet
label of said projected pattern and said unique identifier for a plausible blob

selected from said blobs in each of said 1mages, said plausible blob crossing the

conjugate epipolar line;

calculating a matching error for cach of the plausible combinations, wherein the matching

error of a given plausible combination is indicative of a proximity between
intersections of each pair of three rays, wherein a first ray originates from the center
of projection of the first camera and reaches the plausible blob crossing the

conjugate epipolar line, wherein a second ray originates from the center of
projection of the second camera and reaches the plausible blob crossing the
conjugate epipolar line and the third ray originates from a center of projection of the
light projector unit and reaches an intersection between the selected epipolar plane

and a corresponding sheet of light of the at least one sheet of light;
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repeating said steps of selecting, identifying and calculating for each epipolar plane of

said set of epipolar planes;

determining a most probable combination by computing a figure of ment for said
plausible combinations using said matching error for each epipolar plane of said set

of epipolar planes;

identifying matching points between the two images in said frame using said determined

most probable combination and the set of epipolar planes;

generating an output identifying said matching points in said frame.

2.  The method as claimed in claim 1, wherein the first camera, the second camera and the

light projector unit are calibrated in a common coordinate system.

3. The method as claimed in claim 1, further comprising validating said matching points to

discard said matching points if said figure of merit fails to meet a quality of match threshold.

4, The method as claimed in claim 1, further comprising repeating said computer-

implemented method for a plurality of frames.

5. The method as claimed in claim 1, further comprising calculating sets of 3D points using

said matching points in said frame.

6. The method as claimed in claim 5, further comprising estimating a position of the sensor
at each frame to integrate said 3D points in a common coordinate system, wherein said
estimating said position of the sensor includes using at least one of targets atfixed to said

scene, a geometry of said scene and a texture of said scene.

7.  The method as claimed in claim 35, further comprising exploiting the images for said

calculating said sets of 3D points to obtain segments of 3D curves.
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8. A system for matching points between two images of a scene, including:
a sensor including
a light projector unit projecting at least one sheet of light onto said scene thereby

providing a projected pattern on said scene, each sheet of light being labeled

with a corresponding light sheet label; and

at least a first camera and a second camera, each camera for acquiring a respective
image of said two images of said scene, said two images forming a frame
captured at a single relative position between the scene and the sensor, said

images each containing a reflection of said projected pattern on said scene;

wherein the first camera, the second camera and the light projector unit are

calibrated in a common coordinate system; and

at least one computer processor in electronic communications with said sensor for

retrieving said two 1images acquired by said cameras;

extracting blobs from said reflection in said images and individually labelling said

blobs with a unique identifier;

selecting a selected epipolar plane from a set of epipolar planes and defining a
conjugate epipolar line on each of said images, wherein the selected epipolar
plane of the set of epipolar planes is defined by a center of projection of each
of the first and the second cameras and a corresponding point located on an

extracted blob;

identifying plausible combinations, said plausible combinations including a light
sheet label of said projected pattern and said unique identifier for a plausible
blob selected from said blobs in each of said images, said plausible blob
crossing the conjugate epipolar line;

calculating a matching error for each of the plausible combinations, wherein the
matching error of a given plausible combination 1s indicative of a proximity
between intersections of each pair of three rays, wherein a first ray originates
from the center of projection of the first camera and reaches the plausible
blob crossing the conjugate epipolar line, wherein a second ray originates

from the center of projection of the second camera and reaches the plausible
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blob crossing the conjugate epipolar line and the third ray originates from a

center of projection of the light projector unit and reaches an intersection
between the selected epipolar plane and a corresponding sheet of light of the

at least one sheet of light;

repeating said steps of selecting, identifying and calculating for each epipolar

plane of said set of epipolar planes;

determining a most probable combination by computing a figure of merit for said
plausible combinations using said matching error for each epipolar plane of

said set of epipolar planes; and

identifying matching points between the two images in said frame using the

determined most probable combination and the set of epipolar planes;

at least one computer output in electronic communications with said processor for

generating an output identifying said matching points in said frame.

9. The system as claimed in claim 8, wherein said light projector unit includes two light
projectors each projecting at least one sheet of light onto said scene, said projected pattern

being provided by a single one of said two light projectors at each frame and said projected

pattern differing for each of said two light projectors.

10. The system as claimed in claim 8, wherein said at least one sheet of light is a plane of

light.

11. A computer readable memory having recorded thereon statements and instructions for
execution by at least one computer processor, said statements and instructions comprising:
code means for retrieving two images acquired by a sensor, said sensor comprising a first
camera, a second camera and a light projector unit, the light projector unit
projecting a projected pattern onto said scene, said two images forming a frame
captured at a single relative position between the scene and the sensor, said images
each containing a reflection of a projected pattern on said scene, wherein the
projected pattern comprises at least one sheet of light, each sheet of light being

labeled with a corresponding light sheet label;
20
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code means for extracting blobs from said reflection in said images and individually

labelling said blobs with a unique 1dentifier;

code means for sclecting a selected epipolar plane from a set of epipolar planes and

defining a conjugate epipolar line on each of said images;

code means for identifying plausible combinations, said plausible combinations including
a light sheet label of said projected pattern and said unique 1dentifier for a plausible
blob selected from said blobs in each of said images, said plausible blob crossing

the conjugate epipolar line;

code means for calculating a matching error for each of the plausible combinations,
wherein the matching error of a given plausible combination is indicative of a
proximity between intersections of each pair of three rays, wherein a first ray

originates from the center of projection of the first camera and reaches the plausible

center of projection of the second camera and reaches the plausible blob crossing
the conjugate epipolar line and the third ray originates from a center of projection of
the light projector unit and reaches an intersection between the selected epipolar

plane and a corresponding sheet of light of the at least one sheet of light;

code means for repeating said steps of selecting, identifying and calculating for each

epipolar plane of said set of epipolar planes;

code means for determining a most probable combination by computing a figure of merit

for said plausible combinations using said matching error for each epipolar plane of

said set of epipolar planes;

code means for identifying matching points between the two 1mages in said frame using

the determined most probable combination and the set of epipolar planes;

code means for generating an output identifying said matching points in said trame.

12. A non-transitory computer readable storage medium for storing computer-executable
instructions which, when executed, cause a computer to a method for performing matching

points between two images of a scene, the method including:
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retrieving two images acquired by a sensor, said sensor comprising at least a first camera,
a second camera and a light projector unit, the light projector unit projecting a
projected pattern onto said scene, said two images forming a frame captured at a
single relative position between the scenc and the sensor, said images each
containing a reflection of the projected pattern projected by the light projector unit
on said scene; wherein the projected pattern comprises at least one sheet of light,

each sheet of light being labelled with a corresponding light sheet label;

extracting blobs from said reflection in said images and individually labelling said blobs

with a unique identifier;

selecting a sclected epipolar plane from a set of epipolar planes and defining a conjugate
epipolar line on each of said images; wherein the selected epipolar plane of the set
of epipolar planes is defined by a center of projection of each of the first and the

second cameras and a corresponding point located on an extracted blob;

identifying plausible combinations, said plausible combinations including a light sheet
label of said projected pattern and said unique identifier for a plausible blob
selected from said blobs in each of said images, said plausible blob crossing the
conjugate epipolar line;

calculating a matching error for each of the plausible combinations; wherein the matching
error of a given plausible combination is indicative of a proximity between
intersections of each pair of three rays, wherein a first ray originates from the center
of projection of the first camera and reaches the plausible blob crossing the
conjugate epipolar line, wherein a second ray originates from the center of

projection of the second camera and rcaches the plausible blob crossing the

conjugate epipolar line and the third ray originates from a center of projection of the

and a corresponding sheet of light of the at least one sheet of light;

repeating said steps of selecting, identifying and calculating for each epipolar plane of

said set of epipolar planes;
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determining a most probable combination by computing a figure of mert for said

plausible combinations using said matching error for each epipolar plane of said set

of epipolar planes;

identifying matching points between the two images 1n said trame using said determined

most probable combination and the set of epipolar planes;

generating an output identifying said matching points in said {rame.
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