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Summary:

Simulating sensor data with physical fidelity is increasingly vital in the design, testing, and vali-
dation of Autonomous Systems. The AGX Sensor module of the AGX Dynamics simulation suite, offers
a unified platform for real-time virtual sensing, enabling the generation of synthetic sensor outputs
across a wide array of modalities. By operating within a dedicated Sensor Environment mostly de-
coupled from the main dynamics simulation, this module allows for flexible integration of sensor
simulation while allowing the main dynamics simulation to be run by itself. This module supports
configurable sensor types, such as Lidars, Inertial Measurement Units (IMUs) and Accelerometers among
others, each designed to replicate realistic sensing conditions, environmental interactions, and com-
mon sources of measurement uncertainty. This capability facilitates the development of robust control
strategies, perception algorithms, and autonomy pipelines, making the AGX Sensor module a versatile
tool for research and development in robotics, simulation-based testing, and virtual prototyping.
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1 Introduction 3

1 Introduction

AGX Sensor is the sensor simulation module of the AGX Dynamics simulation software. It provides
a variety of sensors capable of performing real-time sensing in tandem with the rest of the AGX Dy-
namics simulation suite. Each sensor is easily configured and provides its output signal in a common
standardized way.

The AGX Sensor module is designed with the intent of providing a way to conveniently model
physically accurate sensors and integrate them into the overarching simulation. These sensors can then
be used to produce synthetic sensor data to verify Control System functionality and develop systems
for Machine Autonomy.

1.1 Environment

All sensors in the AGX Sensor module reside within a dedicated Sensor Environment. This Sensor Envi-
ronment is a parallel to the main dynamics simulation of AGX Dynamics, and stores both the sensors
themselves and information about how the sensors should interpret the world. The separation be-
tween the Sensor Environment and the main dynamics simulation allows for a one-way dependence of
the Sensor Environment on the main dynamics simulation while allowing the dynamics simulation to
be run without sensor support if needed. Which information is relevant to add to the Sensor Environ-
ment depends on which sensors are used, and which effects are desired to be captured in the sensor
data.

2 Lidar

Light Detection and Ranging (Lidar) is a kind of sensor that is predominantly used to measure distances
and map the space around the sensor [32, 43, 48]. These Lidar sensors can come in multiple different
configurations depending on their intended use, but their main working principle is that they emit
focused beams of light in the near infrared region and measures distance using the returning signal.

The AGX Sensor module provides a Lidar sensor implementation based on multi-step raytracing.
This implementation is thus suitable to be used to model nearly all Lidar sensors that use pulsed un-
polarized light at a single or a narrow wavelength band, such as nearly all vehicle Lidar sensors [24,
35, 46]. In the case of generating synthetic data for Control System verification or Machine Autonomy,
this kind of Lidar implementation covers effectively all Lidar sensors commonly used for the real world
analogue.

2.1 Raytrace Process and Return Selection

The Lidar implementation in the AGX Sensor module generates its returns through a process consisting
of a number of ordered steps, starting with ray creation, proceeding to ray manipulation, raytracing,
point assembly and ending with post-processing of the point cloud. Through the ray creation and
ray manipulation steps, the Lidar scan pattern and scan slice being processed that step are configured.
These ray configurations are then passed on as initial conditions to the raytrace step. Any solid objects
registered for raytracing visibility in the Sensor Environment are also made available to the raytrace
step, together with their respective Surface Materials.

During raytracing, surface geometric parameters and material properties are registered at each in-
terface, or ray hit, in a binary heap, a process which can be seen visualized in Figure 1. At an interface a
single incident ray is split into one reflection ray and one transmission ray, consuming each their own
sub-branch of the heap following the interface node. The parameters stored are those necessary to later
compute returns in the point assembly step of the raytrace process, such as reflection and transmission
intensities and the parameters required to generate Atmospheric Returns.
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Figure 1: [llustration of the raytrace step. As the ray traverses the Sensor Environment (as illustrated to
the left), the geometric parameters and material properties are stored in a binary heap at each
interface, or ray hit (as illustrated to the right).

On assembly of the Lidar raytrace returns, the binary heap as visualized in Figure 1 is traversed. At
interface nodes belonging to Surface Materials, a return is generated at the ray-interface intersection’s
Optical Path Length from the ray emission source. Conversely, if the interface node has parameters to
generate Atmospheric Returns, a return is created at a displaced Optical Path Length behind the interface.
Each return is attenuated by its preceding Optical Path Length between interfaces and the reflection or
transmission factors at each preceding interface. As the final part of the point assembly, the return of
with the strongest intensity is selected, and the ray emission direction is scaled by this selected return’s
Optical Path Length to give a resulting Lidar return point.

Finally, the point cloud generated by the point assembly step is optionally post-processed. This step
is used to add additional sources of error, like Detection Distance Inaccuracy, or to transform the points
from the world frame to the local Lidar frame.

2.2 Surface Material

Solid objects in the Sensor Environment have opaque surfaces. Each one of the surfaces of these objects
has its interactions with the Lidar laser light described using a Surface Material. This Surface Material
describes the reflection and absorption characteristics when the Lidar laser light interacts with the
surface.

In the general infinitesimal case, the reflection and absorption characteristics of a surface, for light
incident in direction I and reflected in the view direction v, may be described using the Reflectance
Equation [4, 25, 39],

L) = [ LiDfo)(1-m)dw. M)

The Reflectance Equation in Equation (1) provides a convenient way to generally model the outgoing
light radiance L from an infinitesimal surface point, by integrating the incident light radiance L; over
the surface normal hemisphere (), as illustrated in Figure 2. In turn, this surface point has its reflection
characteristics described by the Bidirectional Reflectance Distribution Function (BRDF), f in Equation (1).

However, for the generally small Lidar beam divergence angle, p, and detection cone angle, the
radiance solid angle of propagation can be approximated using a cone
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L~ 631, 2)

which provides a relation to the Lidar laser beam intensity I [39]. Applying this approximation of
Equation (2) to both the outgoing and incident light radiance in Reflectance Equation in Equation (1),
allows the Reflectance Equation to be discretized [39] into

I(v) = Y Iif (I, 0) (I - ), 3)
T

by evaluating the integral over the surface normal hemisphere of Figure 2.

Figure 2: Configuration of the Reflectance Equation of Equation (1) [4, 25, 39].

It is this discretized Reflectance Equation in Equation (3) which the Lidar implementation in the AGX
Sensor module uses for all opaque surfaces to determine the light intensity reflected along the specular
reflection path and back towards the incidence direction. All the light intensity which is not reflected
along one of these directions is assumed to either be absorbed in the surface or be weak enough to not
affect the resulting Lidar return selection if diffusely reflected in another direction.

Thus, for each Surface Material it is the BRDF, f in Equation (3), which is parameterized to describe
the light interaction mechanics for that specific Surface Material.

2.2.1 Lambertian Diffuse Surface

The Lidar implementation in the AGX Sensor module provides its most basic Surface Material through
the opaque and perfectly smooth diffuse Lambertian Reflector. This material has its BRDF [4, 25] defined
as

o CDiffuse
f(lr 'U) - T/ (4)

which is found from Lambert’s Cosine Law [29] relating the light incidence vector I and the view di-
rection v, while taking into account the intensity scaling resulting from the reflectance equation in
Equation (1) or Equation (3). The BRDF for the Lambertian Reflector in Equation (4) requires one single
parameter to be specified, for the diffuse reflectance Cpjffyse-
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2.2.2 Two-layer GGX and Oren-Nayar Surface

For more complex surfaces where the Lambertian Reflector may not be entirely adequate the Lidar imple-
mentation in the AGX Sensor module additionally provides an opaque two-layer Surface Material. This
material combines a microfacet specular top-layer with a rough diffuse secondary layer to achieve cov-
erage of mirror-like surfaces, rough surfaces with a shiny coat and a wide range of non-smooth diffuse
surfaces.

To achieve the most control and physical accuracy as possible for the light interactions with the
Surface Material the full set of complex Fresnel Equations is used. The power ratios in the different
polarization directions for the Fresnel Equations are defined as

11 cos 61 — 7ip cos 6, 711 cos By — 7ip cos 0y
Ts = — — Ty = — ~
* 7 iy cos By + fip cos By’ P iy cos @y + 7ip cos 6
2711 cos 64 27i1 cos 01 ®)
te = ty =

711 cos 01 + 7ip cos 6, fi1 cos B + iy cos 07’

given the angle 61 between the incident light direction / and the surface normal, the angle 6, between
the refracted light direction and the negative surface normal, and given the complex refractive indices
of the incidence medium, 71, and the refraction medium, 7, [20, 36, 39]. As the laser used by the
Lidar implementation in the AGX Sensor module is assumed to be unpolarized, the total reflected and
transmitted power ratio can be found by averaging the power ratios from each of the polarizations [36,
39] in Equation (5) as

R(L,n) =L (s> +1rp?),  T(n)= 2’131951 (|ts>+ [t %), (6)

for a laser incident in direction /, from a medium of complex refractive index 7, onto a surface with
normal 7 to medium of complex refractive index fi,.

The microfacet specular top-layer is created starting from the base microfacet BRDF [1, 4, 25, 28, 39]
of

L,h)G(l,v,h)D(h
frpll o) = SR, 7

which assumes a surface consisting of more or less randomly aligned specular microfacets, where the
reflected intensity off of every microfacet is calculated using the unpolarized power ratio from the
Fresnel Equations of Equation (6), using the half-vector,

h:%(erl),

as the surface normal, to limit reflection to only those microfacets that are visible from the view direc-
tion v [4, 25].

D(h) in Equation (7) gives the distribution of the amount of microfacets capable of reflecting specu-
larly, and is for this Surface Material specified using the GG-X distribution [1, 4, 28, 39], defined as

202
D(I’l _ 5 Beckman . 5
Tt ((ZUBeckman) (h ’ 11) + 1)

where 0Beckman 1S the Beckman Roughness, defined as the root-mean-square of the slopes of the surface
microfacets.

The G(I, v, h) function in the specular top-layer microfacet BRDF of Equation (7) defines the geomet-
ric attenuation of the reflected light due to the bumpy nature of the microfacet surface [4, 25]. This
function can usually be separated into the effects of masking and shadowing [4, 23] as
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G(l/ 0, h) = GMask(lr h)GShadow(v'h)' (8)

For this Surface Material, both the masking and shadowing are specified using Smith’s G Function [4,
39] defined by

1
Gsmith (L 1) = TTA@)
-~ ” ©)

- \/ZUBeckman(1 - (l : h)Z)'

where the A function becomes

—14+4/14+ %

a2

Agcx(a) = 5 ,
when the GG-X distribution is used in Equation (7). However, when using Smith’s G Function from
Equation (9) for both the masking and shadowing effects the geometric attenuation function must be
assembled as

1
1+ Gemith (I 1) + Gmitn (v, 1)

to compensate for height correlation between the microfacets [4, 39].

The secondary rough diffuse layer uses the microfacet diffuse Oren-Nayar Model with an improve-
ment suggested by Fujii in “A tiny improvement of Oren-Nayar reflectance model” [16, 34, 39] formu-
lated as

G(l,v,h) (10)

Cpi s
foituse(1,0) = “222 (1) (A4 B2), an

with the auxiliary components

2
(TOren-Nayar

2
UOren—Nayar +0.33

A=1-05

2
(TOren-Nayar >
7

+ 0.17Cpiffuse ( 2 +0.13

Oren-Nayar
2
aOren—Nayar

2 4
UOren—Nayar +0.09

B =045

and

s=1l-v—(I-n)(v-n),

1 ifs <0
| max(I-m,v-n) ifs>0

7

where Cpjfrye denotes the diffuse reflectance parameter in the same way as for the Lambertian Reflector
in Equation (4), and 00ren-Nayar is the Oren-Nayar Roughness, defined as the standard deviation of the
diffuse microfacet angles [4, 28, 39]. While the Oren-Nayar Model provides significantly more control
over the diffuse nature of the surface, it must be noted that it violates energy conservation for Cpjfryge >
0.97 [16, 34].

With both the specular top-layer contribution of Equation (7)-(10) and the rough diffuse secondary
layer contribution of Equation (11) the complete BRDF for the two-layer Surface Material [39] can be
assembled as

f(lr U) = fSpecular(lf ZJ) + T(l/ h)fDiffuse(lr U)/ (12)
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by allowing the light transmitted through the specular top-layer to be reflected on the secondary rough
diffuse layer. Thus, using the BRDF in Equation (12) the two-layer Surface Material can be specified us-
ing only a complex refractive index, iy, and the Beckman Roughness, 0peckman, fOr the specular top-layer
and a diffuse reflectance, Cpjfryse, and the Oren-Nayar Roughness, 0oren-Nayar, for the second diffuse
layer, totaling in five scalar parameters.

2.3 Ambient Material

In addition to surface interactions, the Lidar implementation in the AGX Sensor module also considers
the effects on the Lidar laser light when propagating through a medium. The medium properties for
Lidar laser propagation through the Sensor Environment is specified using an Ambient Material. This
Ambient Material describes the two most important effects affecting the Lidar laser light [2, 30, 38, 39,
47], of how the light intensity is attenuated over distance and how Atmospheric Returns [2, 39] appear.

The attenuation of the Lidar laser intensity transmitted through the medium, denoted It here, is
described using the empirical Beer-Lambert Law [3, 29, 36], which is formulated as

IT = Ie_‘"x, (13)

for a light beam traveling an Optical Path Length of x through a medium of absorption coefficient «.
This absorption coefficient a in Equation (13) used by the Lidar implementation contains the combined
effects of both the direct energy absorption of the matter and the effects of light scattering [36, 39, 47].

In addition to direct attenuation of the Lidar laser light, denser atmospheric conditions such as fog,
rain, snow or dust may cause a significant enough amount of the laser beam light to back-scatter in
the medium to the Lidar detector, and may thus cause returns to be detected in the atmosphere by the
Lidar sensor [2, 21, 30, 38, 39]. These Atmospheric Returns are generated at an Optical Path Length, x, from
the medium entry point given by a Gamma Distribution [2, 38], defined by the probability distribution
function

1
f(x,k,0) = F(k)Bka lo=x/0 (14)
givena k > 0 shape parameter controlling the stretching of the distribution and a # > 0 scale parameter
controlling the peak magnitude of the distribution. T'(k) in Equation (14) is the continuous Gamma
Function.

However, experiments observing these Atmospheric Returns have noted that, while the optical path
length to the Atmospheric Returns follow the Gamma Distribution in Equation (14) in shape, the cumu-
lative distribution does seldom reaches 100% [2, 30]. Thus, in addition to the absorption coefficient «
and the two Gamma Distribution parameters k and 0, the Ambient Material must also be specified with
an additional distribution magnitude scaling parameter, resulting in a total of four scalar parameters
for the Ambient Material. The absorption coefficient « is generally dependent on the medium and the
light wavelength, while the Atmospheric Return parameters are more dependent on the Lidar sensor
itself [2, 30, 38, 39].

2.4 Beam Divergence

The laser beam emitted by a Lidar sensor will divergence at an angle of typically a couple of millira-
dians [24, 35, 39, 46, 48]. As the emitted power of the Lidar laser remains independent of this Beam
Divergence, the divergence will instead cause the power of the beam to spread over a larger cross-
sectional area, decreasing the intensity of the beam. However, considering that the Lidar detector is of
a finite size, only a part of the returning beam’s cross-section may land on the detector upon return,
especially for targets at a distance. This effect will thus cause the power detected by the Lidar sensor
to become attenuated with respect to the distance traveled by the laser beam [39, 48].
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The actual divergence of the beam will depend on which medium the beam is propagating through.
However, this is easily compensated for by using the Optical Path Length as distance instead of the real
Euclidean length of the distance that the beam has propagated [15, 36, 39].

Usually laser beams are Gaussian Beams, characterized by the intensity or power distribution [15, 36,
39] of

2P 50 2
IGaussian (7, X) = nw(x)ze 2/ w(x) , (15)
at radial position r from the optical axis of a beam of power P and radius w, that has propagated an
Optical Path Length of x. The beam radius w can be described for Gaussian Beams using the initial waist
radius and the Rayleigh Length, however, most Lidar manufacturers tend to directly specify the Beam
Divergence angle 0p far from the waist [24, 35, 46, 48], which allows the beam radius to be simply

expressed through a cone as

w(x) =~ xtan6p + E, (16)

where E denotes an offset radius that the beam has at the emitter, which is sometimes specified by
manufacturers [24, 35, 46]. While the Beam Divergence angle 6p and emitter radius E could be used
to express the Gaussian Beam radius in its regular formulation, the conical approximation in Equation
(16) allows specification using an unknown or zero emitter radius, and does also fit measurement data
better than the full Gaussian Beam radius formulation [46].

The ratio of the power detected by the Lidar sensor, Ppetected, t0 emitted power P, as a function of
Optical Path Length x can be found using the Gaussian Beam intensity in Equation (15) as

PDetected — 2 /271 /R 6*2((’*7‘D)2 cos? 0412 sin? 9)/w(x)21, drde (17)
nw(x)? Jo Jo ’

P

for a detector at a lateral displacement of rp from the emitter, assumed to be on the optical axis, and of
detector radius R, as illustrated in Figure 3.

1
= ¢

Figure 3: Illustration of the detected power of the beam attenuated due to the Beam Divergence w(x)
over an Optical Path Length of x with divergence angle 0p, for a detector of radius R at radial
distance rp from the emitter of radius E. The power distribution, illustrated as Gaussian, can
be seen as the black lines perpendicular to the propagation direction.

Directly analytically solving the expression in Equation (17) to arrive at an expression suitable for
real-time evaluation is a fairly difficult task. Instead, starting by assuming the far field condition where
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w(x) > R, then the intensity from Equation (15) in Equation (17) can be considered quasi-constant at
rp, which results in the far field approximation

P 1 27 R
Det%edl?ar ﬁIGaussian(rD/ X) %) /0 rdrdd

2R? 67272D/w(x)2‘
w(x)?

Conversely, assuming the near field condition where w(x) < R, then the expression in Equation (17)
can be analytically simplified for the coaxial case where rp = 0 as the approximation

%

(18)

Q

PDetectedNear ~ 2 /.27-f /‘R e—ZVZ/ZU(X)Zr drde
nw(x)? Jo Jo

p (19)

~1_ e—ZRZ/w(x)2

which can then be combined with the far field approximation in Equation (18) to form an expression
combining the near field and far field behaviors.

However, just naively combining these approximations will cause the detected power ratio to be-
come nonphysical as the Optical Path Length approaches zero, x — 0, significantly exceeding 100%. It
can be noted that it is in practice the exponential part of the far field approximation in Equation (18)
that dominates in the far field, and that the fractional part is the one causing the nonphysical behavior.
Using this observation, the combined but unscaled expression

PDe;:cted ~ (1 _ eszz/w(x)z) 6727123/w(x)2, (20)
can be assembled. It is then reasonable to assume that the power ratio should be unity if the emitter
and detector are coaxial and equal in size, and the Optical Path Length is zero,

P Detected

=1
P ’

R=E,rp=0,x=0

which can then be applied to the combined but unscaled expression in Equation (20) to form a final
expression for the attenuation due to beam divergence as

Ppetected _ 1 (1 _ 672R2/w(x)2> eferD/w(x){ (21)
p 1—e2
Thus, supplied with a Beam Divergence angle fp and a detector radius R, and optionally a detec-
tor offset rp and an emitter radius E, the Lidar implementation in the AGX Sensor module uses the
expression in Equation (21) to attenuate the Lidar beam as it propagates along its optical path.

2.5 Detection Distance Inaccuracy

In reality the medium through which the Lidar laser beam propagates is seldom entirely homogeneous,
and even more rarely exactly the same as the medium for which the Lidar is calibrated. Adding to this
that the internal clock of the Lidar sensor may not be entirely accurate, and it is reasonable that the time
of flight measured and converted to a distance by the Lidar sensor may not always align entirely with
the real distance that the Lidar pulse has propagated. These small errors in the measured distance are
most likely to behave in a statistical manner and is therefore added by the Lidar implementation in the
AGX Sensor module through a simple measurement distance perturbation with a common Gaussian
Distribution

10
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for which the Lidar implementation uses

0 = OBase T USlopeX,

to more accurately capture the growing inaccuracy at a distance resulting from cumulative inaccura-
cies from inhomogeneous media and the Lidar clock.

3 Inertial Measurement Unit

Inertial Measurement Units (IMUs) can come in a wide variety of different configurations, and equipped
with a wide variety of different features, depending on the manufacturer and usage requirements [6,
9, 42, 45]. The AGX Sensor module provides an IMU implementation that allows modeling of most
standard IMUs, of the kind which simply contains a set of sub-sensors and forwards their signals.

This IMU implementation allows sub-sensors, such as Accelerometers, Gyroscopes or Magnetometers,
to be configured and placed at offsets relative to the parent IMU frame, in a manner similar to the 9
DoF IMU example in Figure 4. The IMU then provides a common interface through which the output
format can be specified, and the output signal can be read.

ZIMU
A

3 DoF 3 DoF

Magnetometer Accelerometer
A

leer d

L g el

iy Z?JIMU
v 4

3 DoF 9 DoF IMU
Gyroscope

LIMU

Figure 4: Example of a 9 DoF Inertial Measurement Unit (IMU) consisting of a 3 DoF Accelerometer, a
3 DoF Gyroscope and a 3 DoF Magnetometer, each attached at their own offsets to the parent
IMU frame.

4 Triaxial Sensors

A Triaxial Sensor is in this context simply used to denote a sensor that consists of up to three output
axes. For most of these sensors, each of the three output axes corresponds to each their own mea-
surement axis, which are usually orthogonally aligned to each other to provide a three-dimensional
measurement. In many cases, such sensors are simply assembled from three orthogonally aligned one
dimensional sensors.

However, due to manufacturing inaccuracies the axes in these kinds of sensors may not always be
properly orthogonal, and thus the sensor axes may not always align with the perceived measurement
axes [40]. This can cause input along one of the measurement axes to bleed into the output of other
axes, usually referred to as Cross-axis Sensitivity [9, 13]. The AGX Sensor module allows this Cross-axis
Sensitivity to be specified through a 3-by-3 sensitivity matrix Across-axis [40] that perturbs the measured
triaxial signal sample u as

11
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Uperturbed = ACross-axis - (22)

4.1 Total Noise

Many Triaxial Sensors have a Total Noise, or Output Noise, specification which represents the amount
of statistical noise in the output signal [44]. This noise tends to come from various sources that can
be assumed to be more or less independent of the sensor state. Some of the most common types are
baseline electrical and thermal noise. As these kinds of noise can be considered mostly independent,
they can be assumed to follow a common Gaussian Distribution centered around zero

ull  ~ N (o, af) ) (23)

given a standard deviation, or root-mean-square, of the noise ¢; for axis i as specified in the respective
sensor datasheet. Using these noise values as generated from Equation (23) for each of the three axes,
the AGX Sensor module simply adds these values to the triaxial signal to form the perturbed signal as

UPerturbed = U + UNpise-

4.2 Spectral Noise

In addition to Total Noise, many Triaxial Sensors also have a Noise Amplitude Spectral Density specified
[9, 13, 14]. For most Triaxial Sensors, Spectral Noise tends to come mostly from electrical equipment in
the sensor, especially from capacitors or amplifier circuitry, and represents the amount of additional
noise that appears in the output signal at a specific bandwidth [18, 44]. Spectral Noise is in the general
case defined as a noise where the amplitude distribution in the frequency domain follows the specified
Noise Amplitude Spectral Density. However, directly applying the Noise Amplitude Spectral Density to the
signal through this definition requires the entire signal to be known, something that cannot be done
when each signal sample is generated in real-time and mostly independently of the previous samples.

If, instead, the underlying Spectral Noise source in the electrical components is assumed to be White
Noise, mostly independent of environmental factors at a fixed frequency of interest, then the fixed-
frequency noise samples can be assumed to follow a Gaussian Distribution like the one for Total Noise
in Equation (23). The amplitude distribution for White Noise, however, is uniform and does thus not
follow the distribution specified by the Noise Amplitude Spectral Density. To resolve this, the standard
deviation as used in the Gaussian Distribution of Equation (23) can be adjusted as

o = NSV, (24)

using the Noise Amplitude Spectral Density root-mean-square, Néi) ,in axis i as specified by the respective
sensor datasheet, scaled by the square-root of the bandwidth frequency v. The noise samples for the
Spectral Noise are thus given as

‘ ; 2
oo ~ N (0, (N vv) ) : (25)
and when evaluated for each of the three axes is added to the triaxial signal to form the perturbed

signal as

UPerturbed = U + UNpise-

This bandwidth frequency v in Equation (24) and Equation (25) is in the case of the Triaxial Sensor
signals in the AGX Sensor module the same as the sensor sample frequency.

12
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4.3 Accelerometer

An Accelerometer is a kind of sensor which allows for the measurement of acceleration. Commercially,
Accelerometers tend to be available with up to three orthogonal measurement axes [5, 10, 12, 13], and
are thus considered as Triaxial Sensors in the AGX Sensor module. However, the Accelerometers in the
AGX Sensor module do support an output specification of fewer than three axes as well.

While the internals of different kinds of Accelerometers can vary wildly, in the general case an Ac-
celerometer can be considered as a spring-mass-damper system [17, 19, 22]. However, these model
spring-mass systems of most Accelerometers tend to have a very high natural frequency, of many mag-
nitudes above the frequency at which the AGX Dynamics simulation runs [5, 13, 19]. As such, the AGX
Sensor module does not model the full spring-mass-damper system, and instead relies on the dynam-
ics simulation of the core AGX Dynamics to compute and provide a general Accelerometer reading at the
frequency of the AGX Dynamics simulation.

The Accelerometer implementation in the AGX Sensor module attaches to a regular AGX Dynamics
frame of reference. This frame can then be the frame of, or attach relative to the frame of, a rigid
body. The Accelerometer then uses the nearest parent rigid body to determine the acceleration in the
Accelerometer frame as

u= Fgl (MRB =+ URotation 1 ”g) ’ (26)

where Fp denotes the Accelerometer frame matrix, whose basis vectors can be seen illustrated in Figure
5, and ug = g denotes the acceleration from gravity in the world frame. ugp in Equation (26) is the
acceleration of the nearest parent rigid body in the world frame, and is determined from the difference
in the rigid body velocity

AZJRB
URp = At

between the previous and the current Sensor Environment time steps.

ZA

Pa

ZLRB

Figure 5: The Accelerometer as attached to a sub-frame relative to a rotating host rigid body.

The final #Rotation term in Equation (26) comes from the acceleration due to rotational motion of
the Accelerometer around the nearest parent rigid body, as illustrated in Figure 5. This acceleration is
determined by evaluating the derivative of the rotation tangential velocity

URotation = W X 7, (27)
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as
_ dURotation
URotation = i
(28)
_ dw Xr+wX dr
o dt dt’

for which the angular acceleration, dw/dt, can be determined in the same way as the rigid body accel-
eration

dw  Aw

dt T At
through the difference in rotational velocity of the nearest parent rigid body between the previous
and current Sensor Environment time steps. Meanwhile, the relative position r in Equation (28) can be
determined from the positions of the nearest parent rigid body and the Accelerometer as

= PA — PRB,

which can be seen in Figure 5.
The remaining term, dr/dt, denoting the change in relative position in Equation (28) can be found
to be the tangential velocity of Equation (27),

@ o ’(} .
dt — URotation
= w X (pa — PRB),

as the radial distance between the nearest parent rigid body frame and the Accelerometer frame will
remain constant over time.
The final form of Equation (26) used to compute the unperturbed Accelerometer signal thus becomes

1 [ Av Aw
u=Fy' ( AI;B + 7 X (pa—pre) + @ X (w X (PA—PRB))+3> : (29)

To this unperturbed signal, the Accelerometer implementation in the AGX Sensor module then applies
a detectable acceleration range clamp, a Zero g Bias offset and the Cross-axis Sensitivity of Equation (22)
as

Uperturbed = ACross-axis (max [”Lower/ min [1/{, ”Upper” + uZero—g—Bias) ’

to arrive at an initial perturbed signal, where upower, UUpper, UZero-g-Bias and the Cross-axis Sensitivity
specifications can be commonly found in Accelerometer datasheets [5, 10, 12, 13]. Other modifications,
such as noise or scaling, are then added to this initial perturbed signal to add further sources of error,
or reform the signal.

4.4 Gyroscope

A Gyroscope is a kind of sensor which allows for the measurement of rotational rate. Commercially,
Gyroscopes tend to be available with up to three orthogonal measurement axes [9, 11, 27, 33], and are
thus considered Triaxial Sensors in the AGX Sensor module. Just like for Accelerometers, the Gyroscopes
in the AGX Sensor module allow for specification of output of less than three axes as well.

Internally, Gyroscopes can vary wildly, but in the general case a Gyroscope can either be considered
a spinning flywheel system in one axis or a set of two Accelerometers [37, 41]. These model systems
of most Gyroscopes tend to have a very high natural frequency, of many magnitudes above the fre-
quency at which the AGX Dynamics simulation runs [9, 11, 37]. As such, the AGX Sensor module does

14
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not model the full spinning flywheel system, and instead relies on the dynamics simulation of the
core AGX Dynamics to compute and provide a general Gyroscope reading at the frequency of the AGX
Dynamics simulation.

The Gyroscope implementation in the AGX Sensor module attaches to a regular AGX Dynamics frame
of reference. This frame can then be the frame of, or attach relative to the frame of, a rigid body. The
Gyroscope then uses the nearest parent rigid body to determine the rotational velocity in the Gyroscope
frame as

u=Fg lw, (30)

where Fg denotes the Gyroscope frame matrix, whose basis vectors can be seen illustrated in Figure 6,
and w is the nearest parent rigid body rotation velocity in the world frame. As the resulting rotational
velocity from Equation (30) is relative to the Gyroscope frame, each of its components also corresponds
to the Euclidean rotational rate around its corresponding basis vector, and thus Equation (30) simply
provides the full unperturbed Gyroscope signal.

IRB

Figure 6: The Gyroscope as attached to a sub-frame relative to a rotating host rigid body.

To the unperturbed Gyroscope signal from Equation (30), the Gyroscope implementation in the AGX
Sensor module then applies a detectable rotational rate range clamp, a Zero Rate Bias offset and the
Cross-axis Sensitivity of Equation (22) as

Uperturbed = ACross-axis (max [uLowerr min [Ll, ”Upper]] + ”Zero—Rate—Bias) ’

to arrive at an initial perturbed signal, where upower, #Upper, UZero-Rate-Bias and the Cross-axis Sensitivity
specifications can be commonly found in Gyroscope datasheets [9, 11, 33]. Other modifications, such
as noise or scaling, are then added to this initial perturbed signal to add further sources of error, or
reform the signal.

4.4.1 Linear Acceleration Effects

One of the most significant modifications that can be added to the Gyroscope signal is the result of Linear
Acceleration Effects. These effects commonly arise from mechanical inaccuracies in the manufacturing
of the Gyroscope and are especially relevant as most Gyroscopes used on Earth will always be exposed
to the gravitational field of Earth [49].
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The implementation of Linear Acceleration Effects in the AGX Sensor module determines the accel-
eration on the Gyroscope in the same way as for an Accelerometer using an analogue to Equation (29)
as

AURB Aw

At +NX(PG_PRB)+wX(wx(pG_PRB))+g)I

_ r—1
U Acceleration = F G (

using the placement configuration of the Gyroscope as visualized in Figure 6. This acceleration is then
distributed as perturbations to the Gyroscope output signal axes, specified using a Linear Acceleration
Effects matrix Ay g, as

Uperturbed = U + ALAEuAcceleration-

The Linear Acceleration Effects values specified in Gyroscope datasheets can be used to set the values in
the Linear Acceleration Effects matrix Apag [9, 11]. In these datasheets, a single value or per-axis values
will usually specify how much a linear acceleration along one of the Gyroscope output axis will affect
its output, thus corresponding to the diagonal elements of Ay Ag.

4.5 Magnetometer

A Magnetometer is a kind of sensor which allows for the measurement of Magnetic Flux Density. For
use in machines, Magnetometers tend to be available with up to three orthogonal measurement axes
[26, 31], and are thus considered Triaxial Sensors in the AGX Sensor module. Full triaxial Magnetometers
are usually used to determine orientation similarly to compasses. Just like for other Triaxial Sensors in
the AGX Sensor module, the Magnetometers allow for specification of output of less than three axes as
well.

To keep in line with other Triaxial Sensors, such as Accelerometers or Gyroscopes, the Magnetometer
implementation samples the Magnetic Field at the same frequency as the main dynamics simulation
of AGX Dynamics. The Magnetometer implementation attaches to a regular AGX Dynamics frame of
reference, whose position in world space pys is then used to sample the Sensor Environment spanning
Magnetic Field B as

U= Pl\jllB(pM),

to provide an unperturbed Magnetometer reading in the Magnetometer frame.

To this unperturbed signal, the Magnetometer implementation in the AGX Sensor module then applies
a detectable Magnetic Flux Density range clamp, a Zero Flux Bias offset and the Cross-axis Sensitivity of
Equation (22) as

Uperturbed = ACross-axis (max [uLower/ min [Ll, uUpper]] + uZero—Flux—Bias) ’

to arrive at an initial perturbed signal, where upower, #Upper, UZero-Flux-Bias and the Cross-axis Sensitivity
specifications can be commonly found in Magnetometer datasheets [26, 31]. Other modifications, such
as noise or scaling, are then added to this initial perturbed signal to add further sources of error, or
reform the signal.

4.5.1 Magnetic Fields

As an attribute to the Sensor Environment an environment-spanning Magnetic Field can be specified,
similarly as to how the Gravity Field is specified for the general AGX Dynamics simulation. This Mag-
netic Field specified for the Sensor Environment represents the Magnetic Flux Density, the B-field in units
of Tesla, throughout the environment.
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5 Encoder

An Encoder is a kind of sensor which encodes a displacement in position into a quadrature waveform.
This displacement in position can either be a position displacement along a linear extension as in the
case of linear Encoders or a displacement in angular position as for the case of rotary Encoders. The
produced quadrature waveform is then commonly interpreted by a microcontroller to provide the
user of the sensor with a complete value for the linear or angular position [7, 8]. The microcontroller
may also assemble a value for the linear or angular speed based on the quadrature waveform.

In the AGX Sensor module the Encoder sensor provides its readings as those available after the pro-
cessing by a microcontroller. To produce its signal, the Encoder in the AGX Sensor module samples
the position of an unconstrained degree of freedom of a constraint between two rigid bodies in the
main dynamics simulation of AGX Dynamics. This sampling occurs at the rate of the main dynamics
simulation as to keep in line with most other sensors.

To this sampled position u the Encoder implementation can then apply Gaussian Noise as

UPerturbed = U 1 UNoiser
2
uNDiSE ~ N (OIU ) 7

given a standard deviation, or root-mean-square, value for the noise ¢ to mimic minor measurement
errors in the internal Encoder structure.

Additionally, to mimic the step-like position measurement commonly resulting from the interpreta-
tion of the discrete quadrature waveforms, the Encoder implementation in the AGX Sensor module can
then apply resolution binning to the measurement position u or the perturbed signal tperturbed from
Equation (31) as

(31)

B (32)
UResolution :l

The Encoder will then operate in either an incremental Encoder mode, where the any of the previous
sample steps of U, Uperturbed OF UBinned 1S Wrapped within the Encoder measurement range as

UBinned = uResolutionﬂoor |:

U — ULower ] (33)

UMeasurement = U — (”Upper — ”Lower) floor | ——M™——
UUpper — ULower

or in an absolute Encoder mode, where any of the previous sample steps is clamped within the Encoder
range as

UMeasurement — Max [”Lowerr min [”/ Z’lUpperH . (34)

The incremental mode of Equation (33) is used to achieve outputs resembling those from incremental
Encoders, such as rotary Encoders without an index waveform, whereas the absolute mode of Equation
(34) is used to mimic both linear and rotary Encoders with absolute position measurements.

The uower, Uupper and UResolution Parameters in Equation (32)-(34) can be inferred from the Encoder
geometry, mode of operation and quadrature cycle length specification commonly found in Encoder
datasheets [7, 8].

The Encoder implementation in the AGX Sensor module also provides a measurement value for the
speed, or the rate of change, of the Encoder position measurement. This speed value is determined
similarly to how the microcontroller on a real Encoder would determine the speed, by measuring the
time and amount of change between changes in Encoder measurement signal as produced by Equation
(33) or Equation (34) and computing the average rate of change.
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6 Odometer

An Odometer as a general sensor is a kind of sensor that provides the distance a machine or vehicle has
traversed. Odometers can in general determine this traveled distance from different sources depending
on the specific type of Odometer that is being used. However, in this case of the AGX Sensor module,
a plain Odometer refers to a direct wheel attached Odometer that samples wheel position from a Wheel
Encoder and integrates the position over time. This Odometer is the kind that one would usually find
being used in cars, machines and robots.

To determine the traveled distance measurement, the Odometer in the AGX Sensor module simply
samples the position of the unconstrained rotational degree of freedom of a constraint between two
rigid bodies from the main dynamics simulation of AGX Dynamics, at the same frequency as the main
dynamics simulation. This sampled position u is then scaled by a supplied wheel radius Ryl as

UDjstance = RWheelur

to provide the constraint rotational position u as a distance traveled by an imagined wheel of radius
Rwheel- Thus, the only parameter to specify for a plain Odometer becomes the wheel radius Ryypee that
can either be manually specified or determined from wheel geometry.

However, to allow for completeness in regard to a potential underlying Wheel Encoder, the Odometer
implementation also supports resolution binning of the signal as

UBinned = uResolutionﬂoor |: :l .
UResolution

given a specification of an underlying Encoder cycle length ugesoution, @s Well as an application of
Gaussian Noise as

UPerturbed = U 1 UNoiser
2
UNoise ~ N (0,0' ),

given a standard deviation, or root-mean-square, for the noise o.
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