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Abstract The paper covers a class of laser triangulation measurement systems based on a laser and a camera. Such systems are
widely applied in practical tasks, with the range and accuracy of distance measurement being primary features. The article identifies
and investigates the design parameters of the measuring system which determine its range, demonstrates their variability and impact
on the distribution of sensitivity. As the study reveals, the key role in this impact is played by the ratio of the boundary values of
the operating range. A quantitative criterion for assessing the uniformity of sensitivity is proposed, its dependence on design
parameters is outlined, and recommendations for their selection are provided. The theoretical results are confirmed by an
experiment, carried out with the use of an industrial robot.
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Introduction

Laser triangulation rangefinders (hereinafter — LTRs) are broadly used in various technical applications requiring distance
measurements [2,7,8], for example, in position estimation [6] and surface scanning [3,4,5]. As of now, there is a variety of LTRs’
manufacturers presented on the market, offering a wide range of models that cover the needs of the majority of practical applications
[9, 10]. At the same time, in certain cases, the use of commercial LTRs is impossible or impractical for reasons associated, for
instance, with the necessity for a specific configuration of an LTR [1,11] or an integration with visual control devices of the
measurement zone [12], as well as in cases of measuring reflective and semitransparent surfaces and surfaces with complex
curvature [13]. Besides, there are tasks for which the accuracy of commercial devices may be excessive, and their cost is extremely
high [14,15]. In customized solutions, additional systems of mirrors [16], various numbers and types of photo matrices
[11,12,16,17,18], different lasers by the type of projection [14,15] and radiation range [13,17] can be applied.

Problems arising in the development of LTRs, as well as approaches aimed at improving the precision of such measurement systems,
can be provisionally divided into optical and design groupings. The first set includes actual features of implementation of the
measuring system’s optical part (lenses, mirrors, focal length, etc.) [4,15,16], the resolution of the recording matrix [22],
consideration of its distortion [15] and features of the speckle pattern’s registration [19], including cases of projecting a laser onto
various surfaces [11, 20]. The design characteristics of LTRs include three main parameters, which are set geometrically — the
viewing angle of the camera, the tilt and displacement of its optical axis relative to the laser axis. Exactly these parameters determine
the dimensions of a measuring system and its operating range, and also have a direct impact on the measurement accuracy [11, 12,
13].

In the currently relevant papers which study the selection of design parameters of LTRs, the authors indicate the correlation of these
parameters with the operating range [11, 13, 22] but cover just some aspects of their impact on a pattern of a sensitivity distribution;
in particular, they note a quadratic decrease in sensitivity when distancing an object from a measurement system [4,21]. In the given
article, these issues are investigated in more depth.

1. Design parameters of the LTR and their variability
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Figure 1 demonstrates an outline of the measurement system studied in the article. It is described by the camera viewing angle 8,
its displacement b relative to the laser source (this displacement is named baseline), and the camera tilt angle a. The combination
of these design parameters determines the working range of the measurement system, the boundaries of which are indicated in the
figure z,,,;, and z,,,,. This range is defined by the field of view of the laser projection on the controlled surface in the camera view.
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Fig. 1. The outline of the LTR

Expressing the cosine of the camera viewing angle £ in terms of the scalar product of the vectors CA = (b, zp;,) and CB =
(b, Zmax ), the equation (1) linking primary design parameters of the measurement system is formulated as follows:

b* + Zmin * Zmax—
= D%+ Zpin 2 - /b2 + Zpay 2 - cOSP.
In this case, the camera tilt angle « turns out to be a dependent parameter, which can be determined as follows:

o))

a = atan (Zmﬁ) + g. (2

To illustrate the equation (1), Figure 2 is considered. It reveals curves plotted for three different ranges (zin, Zmax)- Each of the
presented curves forms a multitude of combinations of design parameters of the measurement system, corresponding to a given
operating range.
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Fig. 2. Variability of solutions in selection of design parameters

The pattern of dependencies shown in Figure 2 is preserved for other operating ranges as well. As the baseline b increases, the
camera viewing angle g initially increases monotonically to the maximum value B,.., and then monotonically decreases,
asymptotically tending to zero. It can be demonstrated that the tilt angle of the camera a decreases all the time, whereas at the
moment when the camera angle reaches the maximum value B,,.,, the value of the baseline b reaches the value of

_ Zmax
bmax = Zmin me: (3)

and the tilt angle of the camera « is always 45 degrees.
For the convenience of the subsequent presentation, the set of solutions with & > 45° which corresponds to b € (0, by,q,), Will be

named a measurement system with a narrow baseline. In the case of « < 45° and b > b4, @ System with a wide baseline is
implied.
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Fig. 3. Examples of measurement systems with narrow and wide baselines

To illustrate the variability of design solutions for the implementation in an LTR, Figure 3 outlines two measurement systems
constructed on the basis of cameras with the same viewing angle S, which possess the same operating range (Zin» Zmax)- The
presented systems differ in baselines b’ and b"' , and camera tilt angles a’ and «". It can be noted that in accordance with the
accepted terminology, the first system refers to systems with a narrow baseline, and the second one — to systems with a wide
baseline.

2. Sensitivity profile of the measurement system

In the previous section, it was highlighted that for any range, there are multiple configurations of the LTR’s design parameters. In
this section, the effect of opting for these parameters on the accuracy of the measurement system will be studied. To do this, the
dependence of the position of the laser projection u in the camera frame on the distance to the surface z is formulated:

(e —5)
u(z) = Z'lsgia_'_l’ (4)

where f is the focal factor which depends on the resolution of the photosensitive matrix and the focal length of the optical system.
Differentiating equation (4) with respect to z, the ratio of the position change of the beam projection in the camera frame to the
change in the distance to the object is obtained:
2
S(2) = dlzi(z) _ b-f-(tg°a +21)_ 5)
z (b+z- tga)

Equation (5) characterizes the dependence of the measurement system’s sensitivity on the distance to the object z. This dependence
will be named a sensitivity profile of the measuring system. Figure 4 demonstrates, as an instance, sensitivity profiles of two
measurement systems covered earlier in Figure 3. The systems have the same operating range z,,;, = 100 mm, z,,,, = 300 mm,
and the camera viewing angle § = 20°, f = 1400. In this case, the baselines and tilt angles of the cameras that satisfy (1) will have
the value: for the system with a narrow baseline: b = 62 mm, a = 68.2°; for the system with a wide baseline: b = 489 mm, a =
21.6°. The figure illustrates how much the sensitivity of an LTR can change over the operating range, and how strongly this
dependence can vary from the configuration of a measurement system: the sensitivity of a measurement system with a short baseline
at the edges of the operating range differs by more than six times, while in a system with a wide baseline this difference does not
exceed 30%.
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Fig. 4. Examples of sensitivity profiles
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It is important to note that integral sensitivity
h = J‘sz'axs(z)dz = u(zmax) - u(zmin) (6)
mn

in the systems under consideration is the same, but due to the non-uniformity of the s(z) profile, the sensitivity of a system with a
narrow baseline at the far border of the working range z,,,, is more than twice as lower. It is worth noticing that the opposite
situation is observed at the near border of the working range z,,;,. However, from the point of view of guaranteed measurement
accuracy over the entire operating range, a measurement system with a wide baseline, having a profile with a more uniform
sensitivity, turns out to be more preferable here.

Thus, the selection of design parameters of an LTR should be guided by the preferred sensitivity profile of a measurement system.
In the framework of this study, a profile uniformity is proceeded as preferable. For its quantitative assessment, the criterion is
introduced:

S(Zmax b+ z,m tga 2
q= ( )_( g)' @)

B S(Zmin) - b+ Zmax " 18X

which is the ratio of sensitivities of the measurement system at the edges of the working range. Criterion (7) will be named the ratio
of the uniformity of the sensitivity profile. The closer the ratio g is to one, the more uniform the profile is (e.g., for sensitivity
profiles of narrow and wide baseline systems shown in Figure 4 (Figure 3), this ratio is 0.15 and 0.76, respectively).

3. Dependence of the sensitivity of the LTR on the design parameters

Analyzing expression (7) for the ratio of uniformity q, it is noticeable that it depends not on the absolute values of z,;in, Zimax, @and
b, but on their ratios. Indeed, with proportional scaling of the measurement system, when all angles and correlations between design
parameters are preserved, the character of nonlinearity of expression (5) is also preserved.

The baseline b included in expression (7), according to expression (1), depends on the boundaries of the working range z,,in, Zmax:
and the camera viewing angle f, and can be expressed through them. Thus, in terms of the uniformity of the sensitivity profile g,
any LTR designed according to Figure 1 can be described by two parameters independent of the scale of the measurement system:
the ratio of the boundaries of the working range
Zmax
r= % (8)
and the camera viewing angle . Figure 6 represents the dependences of the uniformity ratio of the sensitivity profile g on these
parameters for measurement systems with narrow and wide baselines. Note that the areas of construction of heat maps have a border
which sets the maximum viewing angle « for each ratio r. The same maximum angle was previously underlined on the curves in
Figure 2. This is the limiting angle at which the measurement system can be configured so that the camera’s field of view is not
wider than the operating range. Violation of this condition is possible in practice, but it leads to incomplete use of the photosensitive
area of the matrix and a decrease in the resolution of the measurement system. Such solutions are not considered in the study.

Range rato r
Unformety
Range rato r
Unformmity

a) b)
Fig. 6. Heat maps of the uniformity ratio of the sensitivity profile for measurement systems with a narrow (a) and wide (b)
baselines

Figure 6 highlights that measuring systems with a wide baseline generally possess a more uniform sensitivity profile. For systems
with a narrow baseline, the ratio q increases uniformly as the ratio r decreases, whereas for systems with a wide baseline, the ratio
g increases uniformly as the viewing angle p decreases. Figure 7 reveals the change of the camera tilt angle « in this case.
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Fig. 7. Heat maps of the camera tilt angle for measurement systems with a narrow (a) and wide (b) baselines

It should be noted here that the baseline of the measuring system b is proportional to the ratio 2% and at small angles « it can

sina

increase critically. This situation, in particular, arises in systems with a wide baseline in the area of small camera viewing angles.

Therefore, when selecting the design parameters of the LTR, it is advisable to be guided by the required ratio of the boundaries of
the operating range r. For small values of r, it is recommended to consider configurations of measurement systems with a narrow
baseline and a small camera viewing angle. If the ratio r is significant, then attention should be paid to measurement systems with
a wide baseline, and the larger the baseline b is, the more uniform the sensitivity profile will be for the system.

4. Experiment

Until now, the work has been focused on the sensitivity of measurement systems and its distribution within the operating range.
This quality is inherent in all measurement systems of the class under consideration, regardless of the features of their hardware
implementation.

The sensitivity s(z), determined by equation (5), sets the number of pixels by which the projection of the beam in the camera frame
is shifted when the distance z changes by 1 mm. Thus, the resulting accuracy of the measuring system depends both on the sensitivity
s(z) and on the actual registration accuracy of the position of the laser beam projection in the camera frame. This section is devoted
to an experimental study of the accuracy of recording the beam position in the frame, its dependence on distance and the impact on
the resulting accuracy of the measurement system.

Experiments were performed using a Logitech HD Webcam C270 camera with a vertical matrix expansion of 720 pixels and an
experimentally determined viewing angle f = 37.35°. Two measurement systems with different working ranges are considered:
Z, € [50,450] mm and Z, € [100,500] mm. It can be noticed that in both cases the ranges have the same width, but the ratio of
their boundary values is significantly different: in the first case » = 9, in the second one r = 5. Calculated values of baselines and
camera tilt angles (obtained via equation (1) and rounded up) are: b = 47 mm, @« = 65°,and b = 125 mm, a = 57°, respectively.
Both design solutions refer to systems with a narrow baseline. Note that, according to (7), the considered systems have g = 0.023
and g = 0.097, i.e. their sensitivity ratios at the edges of the range differ several times.

The experiment was carried out using an industrial robot KUKA KR10 R900. A photo of the experimental setup is revealed in
Figure 8. The measurement module is placed on the flange of the robot and moves vertically with a constant speed of 5 mm/s in a
given range. This allows a controlled change in the distance z to the projection of the beam on the surface.
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Fig. 8. Photo of the experimental installation

Registration of the position of the laser beam projection in the camera frame is performed via filtering the image by the brightness
threshold. The coordinate of the projection center of the spot on the image is determined by calculating its center of mass. As z
increases and the ray projection move away from the camera, its size in the frame decreases. Figure 9 shows the types of the laser
beam at the edges of the Z; range in the form of image fragments of the same size 50 x 50 pixels.

a) b)
Fig. 9. Laser beam projection images for a) z = 50 mm; b) z = 450 mm

Figure 10 demonstrates the experimental dependences of the position of the laser beam projection in the frame on the distance to
the surface for the considered measurement systems with the working ranges Z, and Z,.
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Fig. 10. Dependences of the projection of the laser beam position in the frame on the distance z

The experimental data #i(z) presented in the figure is combined with the corrected model dependences u'(z). In the scale of the
figure their graphs coincided, therefore the figure contains an enlarged fragment. Correction of the model data was required due to
errors in manufacturing and installing the elements of the measuring module and the presence of camera distortion.
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As an estimate of the error in determining the position of the laser beam projection e, (z), the difference between the corresponding
model u’(z) and experimental #i(z) coordinates will be used:

ep(2) = u'(z) — u(2). ©)

Figure 11 represents an estimate of the error in registering the position of the of the laser projection for a measurement system with

an operating range of Z,. For the convenience of analyzing the presented data, this figure also shows the threshold obtained on the
basis of the moving standard deviation

(10)

where n = 2m + 1 is the width of the sliding window, and e is an element of the time series. In accordance with the properties of
the normal distribution, the threshold E, which is the doubled value of the standard deviation, determines the tier that a random
signal will not exceed in 95% of cases.

a (z), pixal

. mm

Fig. 11. Error estimation in determining the position of the laser beam projection on the image for the range Z,

Figure 11 demonstrates that the error of the algorithm used for determining the position of the laser spot is 0.1 ... 0.2 pixels. This is
achieved by generalizing over the entire spot area (see Figure 9). In this case, the experiment did not reveal a critical dependence
of the error in determining the position of the spot on its area, although in general, the error e, (z) increases when moving away
from the camera.

|_{z), mm

. mm

Fig. 12. Estimation of the distance measurement error for the system with the working range Z,
An estimate of the error in measuring the distance e,,, (z) is obtained by adjusting the error e, (z) for the sensitivity profile s(z):
ep(z)
s(2)°

Figure 12 represents an estimate of the distance measurement error for a system with an operating range of Z,. The figure below
illustrates a measurement system with extremely high sensitivity non-uniformity. For comparison, Figure 13 shows the estimate of
the distance measurement error in a system with an operating range of Z,.

en(z) = (11)
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Fig. 13. Estimation of the distance measurement error for the system with the working range Z,

For convenience of comparison, Figure 13 illustrates a copy of the threshold E of the measurement system with the working range
Z,. The figure reveals that over most of the operating range, the systems possess significantly different accuracy. The difference is
about twice as much. Simultaneously, the systems have the same hardware implementation and the same working range width of
400 mm. Figure 13 clearly represents the influence of selecting design parameters of the measurement system on its accuracy.

Conclusion

The study identifies a group of design parameters of the LTR which determine the operating range of the measurement system and
impact the distribution of its sensitivity. The correlation between design parameters and their variability is illustrated. The influence
of design parameters on the non-uniformity of the sensitivity of the measurement system is outlined and formalized. It was
determined that the key role in this influence is played by the ratio of the operating range’s boundary values. A quantitative criterion
for assessing the uniformity of sensitivity is proposed, its dependences on design parameters are provided, and recommendations
for their selection are listed. The experiment using an industrial robot was carried out, during which the dependence of the error in
registering the position of a laser beam projection on its distance to the camera was investigated. It was found that this error is
estimated at approximately 0.1 ... 0.2 pixels and depends slightly on the distance to the camera. Based on experimental data,
estimates of the distance measurement accuracy for systems with different sensitivity uniformity indicators are obtained.
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