
M & C FOLIO 230P 68358                     WORD.DOC.68358.pam European
Patent Application No.: 92403280.8           Translation Publication no.:
0550300 The invention relates to acquisition and digitisation in three
dimensions of the shape of any irregular part, using systems comprising an
optical sensor with a laser irradiation source and one or more cameras
analysing the path formed by the laser beam on the object to be studied. A
process of this type is described in detail, particularly in FR-A-2 627
047, FR-A-2 642 833 and FR-A-2 629 198, which belong to the applicant. More
particularly, this process makes it possible to produce a "laser plane",
i.e. a sectorial lamellar beam of very slight thickness, but of a width
allowing it to cover the whole of the object for analysis, with one or two
cameras facing the said plane at two different incidences. The assembly is
positioned at the end of a movable manipulator arm, for example that of a
numerically-controlled machine tool, in order for the laser plane to scan
the part and thus allow progressive acquisition of the surface of the part,
in all three dimensions. The scanning process can equally be carried out by
pivoting as well as translation of the sensor in relation to the part;
alternatively, the scanning movement can also be obtained by keeping the
sensor still and moving the part in relation thereto, the part being in
this case mounted on a remote-controlled cross table, for example. To date,
the sensors used to carry out this process have been relatively large,
fragile and complex. One of the objects of the invention is to propose a
sensor structure making it possible to miniaturise the sensor to a
considerable extent, whilst maintaining and even increasing its precision
and resolution ("resolution" being the size of the pixel of the system and
"precision" being that which is obtained, taking into account the
digitisation and reconstitution stages; the precision of position, as will
be demonstrated, can be better than the pixel, given the various types of
processing carried out during the stage of analysis of the laser path).   



2 The interest in having a miniaturised sensor, besides the convenience
which it affords, is that it allows use thereof even in a greatly reduced
space, for parts of small dimensions, surfaces which are difficult to reach
etc., i.e. on each occasion when great precision is required in a reduced
working area. However, in this case the sensor will be positioned much more
closely to the part for analysis, and thus a certain number of new problems
will arise, particularly that of depth of field, which will deteriorate as
the sensor is brought closer to the object. Currently, He-Ne laser sensors
are set to focus approximately 1 m from the source, hence at a significant
distance (which is, in any case, essential, because of the relatively large
size of the helium-neon laser and the different members associated
therewith). This substantial distance makes it possible for the
long-distance focusing to produce a very fine path with a large depth of
field, typically with a lamellar beam of less than 0.2 mm thickness over a
depth of field of 100 mm. Moreover, as the lamellar beam is produced by
static means (generally a cylindrical lens) the spread of the beam combined
with the significant distance means that the local energy density is
relatively weak (in the order of 1 uW/mm2) which means that the laser is
safe for the operator. Conversely, if the sensor could be miniaturised (in
particular by integration of a laser diode to replace the He-Ne laser) and
if the user cannot or does not want to move it back in relation to the
object, a problem will arise with regard to depth of field because of
focusing at a much shorter distance (typically 10 cm instead of 1 m) with a
corresponding influence on the fineness of the beam, and hence on the
resolution and the final precision. Moreover, the energy density, which
varies inversely to the distance, will increase significantly, thus making
the laser dangerous if it comes near the eye of an operator in the vicinity
of the object.  



3 The object of the invention is to preserve the advantages of existing
sensors, despite miniaturisation and the much smaller physical distance
from the object. Essentially the invention consists of creating a virtual
distance from the source inside the sensor, so as to produce substantially
the same conditions as those for a beam with a long focusing distance, thus
compensating for the small physical distance imposed by the arrangement of
the sensor/object assembly. To this end, the sensor of the invention,
comprising in a manner known per se and described, for example, in the
three aforementioned patents, a laser source producing a plane lamellar
beam illuminating the surface of an object in such a manner as to produce
on the said object a luminous incident curved path analysed by at least one
video camera producing information converted into digital data
representative of pixel co-ordinates, is characterised by a light box
comprising, in the same casing positioned above the object to be analysed
and at a short distance therefrom: the said laser source, producing a
collimated rectilinear beam; optical means to convert the said rectilinear
beam into a plane lamellar beam; and means for extending the optical path
of the beam, comprising two fixed plane mirrors arranged opposite one
another in such a manner as to produce a plurality of reflections between
an entry point and an exit point of the beam. In this manner the low
physical distance between the casing and the object is compensated by a
virtual optical distance, and thus the depth of field of the effective
region of the plane lamellar beam leaving the casing is correspondingly
increased. It is advantageous for the entry and exit points to comprise
optical means for controlling the incidence of the beam, in such a manner
as to adjust the number of reflections between the two opposed mirrors, and
for the optical means converting the rectilinear beam into a plane lamellar
beam to be static means. More particularly, the sensor can also comprise at
least one detector block 



abutting the light box and provided with an image-analysing photoelectric
element, and means forming an objective positioned in front of the said
image-analysing element.    4 In this case, in accordance with an
advantageous feature of the invention, means are also provided for relative
tilting of the image-analysing element in relation to the means forming the
objective. In accordance with a further advantageous feature of the
invention, an electronic circuit is also provided, to extract the
information representing the position of the laser beam path on each line
of the image delivered by the image-analysing element, the said circuit
comprising: an integration stage receiving at the input an electric signal
representative of the intensity of light received, varying according to the
position being considered on the analysed line, and delivering to the
output an increasing signal representative of the accumulated luminous
energy received; a dividing stage receiving at the input the energy signal
delivered by the integration stage; a delay stage receiving at the input
the energy signal delivered by the integration stage; and a comparison
stage receiving at each of its inputs the respective output signals from
the dividing stage and the delay stage, the switching of the said
comparison stage defining the position of the centre of the laser beam
path, during scanning of the line of the image. One embodiment of the
invention will now be described, with reference to the attached drawings.
Fig. 1    is a front elevation of a sensor in accordance with the
invention, with a light box and two adjoining detectors, the assembly being
mounted at the end of a movable manipulator Fig. 2    is a lateral view,
along II-II of fig. 1, of the same assembly; Fig. 3    is a schematic
sectional view of the light box of the sensor in accordance with the
invention; Fig. 4    is a perspective view showing the various optical
members of 



the light box; Fig. 5    is a schematic sectional view of one of the
detectors in the sensor of the invention;    5 Fig. 6    is a schematic
sectional view of the objective/analysing device assembly of the sensor of
fig. 5; Fig. 7    is a diagram showing the manner in which lack of
precision and depth of field are offset by a system of tilting the
photoelectric element in the detector; Fig. 8    is the general form of the
video signal of a scanning line leaving the photoelectric element. Fig. 9
is an electronic diagram of a circuit for analysing the said signal
allowing extraction of information representing the position of the laser
beam path; Fig. 10    is a timing diagram showing various signals produced
inside the circuit of fig. 9; Figs. 11 and 12 show a digital variant for
implementing the system for analysis of the signal, fig. 9 showing an
analogue version for analysis thereof. Fig. 1 shows the sensor of the
invention, generally designated by the reference numeral 1. The said sensor
is situated in close proximity to a part 2 for analysis, it being sought to
acquire and digitise the irregular shape of the surface thereof. The sensor
1 is mounted on the end of a manipulator arm 3, for example that of a
numerically-controlled machine tool, and it comprises a central member 100,
namely a light box emitting a laser beam 4 which is a plane lamellar beam,
i.e. of slight thickness (cf. fig. 1) but of substantial width (cf. fig.
2). The impact of the beam on the surface of the part produces a luminous
curved path 5, which is analysed by one or (preferably) two detectors 200,
each of which comprises a camera and electronic circuits for digitisation
and analysis of the image from the 



camera. The two detectors 200 are advantageously provided in the form of
members adjoining the light box 100 and arranged on either side thereof, so
as to form a single assembly (the sensor 1) supported by the manipulator
arm 3. The use of two cameras makes it possible to reduce    6 considerably
the time taken for acquisition of the three-dimensional shape, but this is
not a necessary feature of the invention, as it is possible for the sensor
only to have a single camera. The sensor carries out scanning so as to
acquire the whole shape of the part. In the example shown, the scanning is
translatory, carried out by displacement of the manipulator arm 3 in a
direction (shown by the arrow 6) perpendicular to the plane of the lamellar
beam, typically with an advance speed of 2 to 3 steps per second, each step
being in the order of 0.1 to 0.5 mm according to the precision of
acquisition sought. The size of the pixel has a typical gross value of 50
gm x 50 gm, a value which can be reduced by an electronic smoothing process
to 20 gm x 20 gm. It is to be noted that, as a variation, it is possible to
bring about relative displacement between the sensor and the part by moving
the part and keeping the sensor still, or to provide scanning by any
combination of translatory and rotational movement. The invention is
particularly intended to resolve optical problems, namely that of depth of
field, appearing when the sensor is very close to the part, i.e. when the
value d/x is high, d (fig. 2) being the active depth of field 7 and x being
the minimum distance between the sensor and the object. It will be seen in
particular that the value d/x can reach a level well above 1, compared to
values in the order of 0.1 to 0.2 in the known processes used to date.
Figs. 3 and 4 show the structure of the light box 100 (fig. 4 shows only
the optical members contributing to formation of the beam). The said light
box essentially comprises a laser source 110, for example a laser diode
emitting a fine collimated cylindrical beam of a power in the 



order of 3 mW. The beam strikes a cylindrical lens 120 transforming the
thin cylindrical beam into a flat beam (see fig. 4). Means 111 are provided
for X and Y co-ordinate adjustment of the exact position of the laser
source 110, so that the luminous spot is perfectly centred in the middle of
the cylindrical lens 120. The lens itself comprises means for fine control
of rotation (in the order of 50 or 10[err]) about its optical axis, so as
to control the inclination of the enlarged beam (lamellar beam) to its
axis.    7 The beam is sent via a return mirror 130 towards an optical
assembly 140, characteristic of the invention, allowing extension of the
optical path of the beam, which process will now be described in detail.
The said assembly 140 firstly comprises an adjustable mirror 141 directing
the lamellar beam produced by the previously described members towards a
first mirror 142 which is part of a set of two plane parallel mirrors 142,
143. As a result of the well-known phenomenon of "parallel mirrors" a
plurality of reflections of the beam will be produced, thus extending the
path thereof and at the same time progressively increasing its width, as
can be seen in fig. 4 (in this drawing, the dotted line illustrates the
centre of the lamellar beam, which for the sake of clarity in the drawing
has only been illustrated in full at the beginning and the end of its
successive reflections). After the final reflection, the beam is captured
by a mirror 144 which returns it in the direction of a window 150, and at
the exit therefrom the beam will strike the part for analysis. The
adjustable mirror 141 allows control of the number of successive
reflections, by varying the angle of the first incidence of the beam on the
mirror 142. The assembly is usually adjusted so as to obtain at least four
successive reflections, this number not being limitative in any way. The
mirror 144 allows adjustment of the perpendicularity of the beam leaving
the light box. It will also be noted that the lamellar beam is generated in
a purely static 



manner, without any member such as a mobile mirror or the like; this has a
considerable number of advantages. Any danger to the operator is eliminated
(the luminous energy is spread over the width of the beam instead of being
concentrated on an intense mobile spot) no fragile mechanical members are
required, there is no need to provide synchronisation, and precision is
high (no vibrations or disruptions, etc.). All the mirrors used in the
light box are, of course, rectified mirrors of optical quality, and the
light box is hermetically sealed so as to prevent any passage of dust or
vapour into the path of the beam.    8 In an example embodiment which has
been effectively used, the light box has the dimensions 1 x h x L1 of 70 x
85 x 140, and at a distance x = 100 mm from the part, the said light box
produces a laser field extending over d = 150 mm (with the details of fig.
2). The trapezoidal field 7 of fig. 2 thus has a short side of 65 mm and a
long side of 95 mm. The extension of the optical path allows a virtual
distance in the order of 1 m, the distance at which the focusing of the
laser beam is set. The exact focusing point is positioned approximately in
the lower third of the trapezoidal field, so that the thickness of the beam
is approximately the same at the beginning and the end of the field. Thus
at both the beginning and the end of the field a beam thickness in the
order of 0.3 mm is obtained, this thickness reducing to 0.2 mm at the focal
point; hence the depth of field is excellent despite the very small
physical distance of the sensor and the very broad spread of the laser
field. The detector part of the sensor will now be described. Fig. 5 is a
schematic illustration of the internal structure of each of the two
detectors 200, which comprise an entry glass 210 located in direct view of
the laser path formed by the intersection of the beam with the object. The
image of the path is returned by a set of mirrors 221, 222 towards an
analysing block 230 which converts the image into an electronic signal,
digitised and processed by a set of circuits designated by 



the general reference numeral 240 and then sent via a link 250 to a
computing system for processing and reconstructing the image. Each of the
detectors has, for example, the dimensions h x L x 12 of 100 x 100 x 70.
The block 230, shown in greater detail in fig. 6, essentially comprises an
objective 231, with appropriate lens, diaphragm and filter, positioned in
front of a photoelectric element 232 to analyse the image, such as a CCD X
Translator's note - the abbreviation "h" stands for "height" ("hauteur'l.
The abbreviations 1 and L must refer to width and length ("largeur" and
"longueur") but it is unclear from the original which is which. Therefore
the French abbreviations have been retained to avoid error. 2 See previous
footnote.    9 (charge coupled device). Control of focusing takes place by
translatory displacement of the objective 231 inside its tube 233 (arrow
234). In accordance with a particular feature of the invention, the CCD (or
other image analyser) is mounted to be tiltable about an axis 235
perpendicular to the optical axis A; the tilting movement is indicated by
the arrow 236. As fig. 7 shows, the tilting device compensates for the
faults in focusing due to the proximity of the sensor and the object. Two
points A and B of an object, located at the same level in relation to the
horizontal, will in fact produce images at A' and B' respectively, the more
distant point A producing an image in front of the normal focal plane P of
the sensor (i.e. the focal plane perpendicular to the optical axis A) and
the closer point producing an image behind the said focal plane. The
tilting device is intended precisely to overcome this anomaly by bringing
the CCD into a plane P' containing the points A' and B'. The effect of this
compensation is to increase the overall depth of field of the optical
system, since the corresponding focusing fault is being remedied. In the
case of an inclination a (figs. 1 and 7) of the optical axis, of 45[err] in
relation to the vertical, the optimum extent of tilting B is in the order
of 7[err], 



this value being dependent on the lens, the size of the CCD and the
dimension of the field, and various other parameters. Figs. 8 to 10 show a
further aspect of the invention relating to the analysis of the signal
delivered by the CCD 232. Fig. 8 is a schematised illustration of the
(analogue) video signal V(t) delivered for each scanning line of the CCD,
with a signal between two synchronising pulses, the amplitude of the said
signal varying as a function of the luminous energy received; the signal
represents the path of the laser beam. The purpose of the circuit is to
determine the position of the laser path in relation to the beginning of
the line, i.e. the position of the energy peak corresponding to the path
(or, in other words, the value a representing the time which has elapsed
since the synchronising pulse of the video signal    10 line). The
difficulty here is that in practice, the path does not appear in the form
of a sudden peak but is spread to a certain extent, because of the
obliquity of the incidence of the beam in relation to the part, diffraction
phenomena, interference of various kinds etc. Several methods have been
proposed for unequivocal determination of the corresponding position of the
path. For example, a threshold T can be determined, and it can be decided
that the position of the path will correspond to the instant half-way
between the two instants at which the threshold is crossed, in one
direction and the. other. However, this method pre-supposes that the spread
of the signal is approximately symmetrical, and is also difficult to carry
out because of the highly variable nature of the threshold to be provided.
Another method consists of differentiating the video signal and deciding
that the position of the path corresponds to the sign inversion of the
derived signal. This method, as is the case with the previous method, has
the disadvantage of pre-supposing that the spread of the signal is
substantially symmetrical, and has the additional disadvantage inherent 



in any processing of signals which involves differentiation, namely that
the noise effects and various types of interference will be amplified. The
invention proposes a different method of proceeding, essentially consisting
of integrating the video signal and deciding that the position of the path
corresponds to the centre of energy of the video signal, i.e. the location
for which (see fig. 10a) the areas S1 and S2 are equal. The principal
advantage of this method is that it offers an excellent level of immunity
to noise, because of the integration. Moreover, it can be carried out by a
very simple analogue electronic circuit, as shown in fig. 9. The said
circuit substantially comprises an integration stage 241 receiving at its
input the video signal V(t) (line (a) of the timing diagram in fig. 10) and
delivering at its output an integrated signal S(t) = l V(t) (the integrator
is reset to zero by the synchronising pulse of the video signal line).
The said signal S(t) is applied to two separate branches 242 and 243. The
branch 242 comprises a simple voltage divider delivering at its output a
signal S(t)/2 of half the amplitude of the signal S(t). The branch 243
comprises a delay line, preferably a programmable delay line, delaying the
signal S(t) by a period [err], the signal thus emerging as S(t-c). The two
signals obtained in this manner, respectively shown on the lines (b) and
(c) of the timing diagram in fig. 10, are then applied to the two
respective inputs of a comparator 244 which will then switch at the moment
(to within T) when S(t)/2 = S(t-t), i.e. the moment at which the areas S1
and S2 are equal. The line (d) of the timing diagram in fig. 10 shows the
signal [err](t) at the exit from the comparator 244. The delay [err] of the
delay line 243 is selected so as to be at least equal to the broadest video
signal representative of the laser path which is likely to be encountered,
i.e. it must be selected according to the maximum predictable spread of the
path. Generally, a value of 50 to 100 ns is satisfactory. It is also
possible to carry out the process in digital form, as will now be 



described with reference to figs. 11 and 12. In this case the analogue
video signal V(t), an example of which is given in fig. 1 la, is firstly
digitised by an analogue/digital converter 245, which can be incorporated
either in the sensor (allowing greater immunity to noise) or in the camera
itself, in the case of a component with a direct digital output. The
digital signal obtained, Bi(t) shown in fig. 1 lb, is represented for each
video line in the form of a series of successive samples of the value Bi,
digitisation of this value generally taking place over 8 bits. The first
sample which is not zero is the pth, and the last is the Qth. The
processing consists of discovering which is the Mth sample corresponding to
the centre of energy of the video signal (i.e. the point at which the areas
S1 and S2, after digitisation, are equal) and discovering the position of
the said centre of energy within the Mth sample, i.e. the value m, is
between 0 and 100%, shown in fig. 1 lb. The said value m is determined in
the following manner.    12 The total energy [err], i.e. the surface of the
hatched areas I to IV on fig. 1 lb, is: Q [err] If the centre of energy is
located in the sample on row M (where P [err] M [err] Q) then the following
relationship exists, expressing that the surface of the areas I + II is
equal to the surface of the areas III + IV [sic]: M-1
Q [err] P                     [err] which in other terms could be written:
M.1 [err] P 



To this end, the digital signal Bi leaving the converter 245 is applied to
an accumulating register 241 (acting as the integration stage which has the
same reference numeral in the analogue embodiment); the accumulator being a
real-time adder wherein the output value will be an energy signal [err]
increasing over time (in a similar manner to the signal illustrated in fig.
lOb in the analogue version). It will be noted that the sequence of
different steps only begins upon receipt of a sample which is not nil, i.e.
the Pth sample, the appearance of which at the output of the converter 245
initialises and triggers a sequencing circuit 246, ensuring temporal
control of the various digital stages of the circuit. The energy signal
[err] at the output of the accumulator 241 is applied, on the one hand, to
a divider 242 to divide it in half and give a signal [err]/2 (in this
digital variation, division by two is obtained simply by shifting one bit
to the right, hence by simple appropriate wiring), and, on the other hand,
to a shift register 243 acting as a delay stage. The size of the said shift
13 register is selected so as to be at least equal to the greatest number
of pixels of the video path which is likely to be encountered, so that it
will never be saturated. The outputs of the divider 242 and the register
243 are applied to two inputs of a subtracter circuit 244 acting as a
comparator; in fact, the result of the subtraction will be negative once
the following is produced: M-1 [err] [err] i.e. once the energy centre
point has been passed. In other words, it is known at this instant (to
within the delay introduced by the register 243) that the position reached
is precisely on the row M sample. This switching is detected by a status
bit S, and the change in value thereof indicates that at the output from
the subtracter 244 the following 



value is available: [err] [err] [err] i.e. the value m.BM from equation
(1). The value BM is known from elsewhere, for example at the output from a
shift register 248 of the same size as the register 243 and receiving the
successive samples Bi at its input. Instead of a digital division procedure
to obtain the value m sought from the product m.BM (the other value M
sought, namely the row of the sample containing the energy centre point,
being supplied directly by the counting logic in the sequence controller
246), which is a solution which would be difficult and costly to implement
in real time, it is preferable to    14 use a memory 247 of 64 KO3
containing the 256 possible values of m (each value being coded on an
eight-bit byte) as a function of m.BM on the one hand, and BM on the other
hand. These two latter pieces of information, each of one eight-bit byte,
are applied to the input points A1, A2 of the memory 247. Upon switching of
the circuit 244, the value m.BM exiting from the circuit is applied to the
input AI, and the value BM is applied to the input A2; the value m sought
is then obtained immediately and directly at the data output D. As can be
seen, this particular form of implementation of the circuit makes it
possible to calculate in real time the position of the energy centre point
of the video signal, with very high precision (approximately a tenth of a
pixel of resolution, at least). 3 Translator's note - it is suspected that
the "o" stands for "octet" and the correct translation is "Kbit". However,
this was not confirmed by any reference work.   



15        [err] [err] M & C FOLIO 230P 68358
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Translation Claims 1. An optical sensor for three-dimensional shapes,
comprising a laser source producing a plane lamellar beam (4) illuminating
the surface of an object (2) in such a manner as to produce on the said
object a luminous incident curved path (5) analysed by at least one video
camera producing information converted into digital data representative of
pixel co-ordinates, characterised by a light box (100) comprising, in the
same casing positioned above the object to be analysed and at a short
distance therefrom: the said laser source (110), producing a collimated
rectilinear beam; optical means (120) to convert the said rectilinear beam
into a plane lamellar beam; and means for extending the optical path of the
beam (140) comprising two fixed plane mirrors (142, 143) arranged opposite
one another in such a manner as to produce a plurality of reflections
between an entry point (141) and an exit point (144) of the beam; in such a
manner as to compensate for the low physical distance between the casing
and the object, by a virtual optical distance, and thus correspondingly to
increase the depth of field of the effective region (7) of the plane
lamellar beam leaving the casing. 2. A sensor in accordance with claim 1,
wherein the entry and exit points (141, 144) comprise optical means for
controlling the incidence of the beam, in such a manner as to adjust the
number of reflections between the two opposite mirrors.    



16        [err] [err] 3. A sensor in accordance with claim 1, wherein the
optical means (120) to convert the rectilinear beam into a plane lamellar
beam are static means. 4.  A sensor in accordance with claim 1,
additionally comprising at least one detector block (200) abutting the
light box and provided with an image-analysing photoelectric element (232)
and means forming an objective (231) positioned in front of the said
image-analysing element. 5. A sensor in accordance with claim 4,
additionally comprising means for relative tilting of the image-analysing
element in relation to the means forming the objective. 6. A sensor in
accordance with claim 4, additionally comprising an electronic circuit to
extract the information representing the position of the laser beam path on
each line of the image delivered by the image-analysing element, the said
circuit comprising: an integration stage (241) receiving at the input an
electric signal representative of the intensity of light received, varying
according to the position being considered on the analysed line, and
delivering to the output an increasing signal representative of the
cumulative luminous energy received; a dividing stage (242) receiving at
the input the energy signal delivered by the integration stage; a delay
stage (243) receiving at the input the energy signal delivered by the
integration stage; and a comparison stage (244) receiving at each of its
inputs the respective output signals from the dividing stage and the delay
stage, the switching of the said comparison stage defining the position of
the centre of the laser beam path, during scanning of the line of the
image.    


