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ABSTRACT The concept of heads-up display can be used to provide augmented information onto the
windshield of a tractor. The objective of this paper is to introduce a detailed real-time multibody model that
is used in the design of a novel heads-up display unit of a tractor. To this end, a tractor is described using a
multibody dynamics approach. A heads-up display unit is designed using a series of tasks that are associated
with sets of logical conditions and instructions. These conditions and instructions, in turn, determine/design
the analog and digital gauges. The gauges are linked with the virtual sensors installed at a number of locations
on the tractor. In this study, the heads-up display unit includes elements, such as tachometer, speedometer,
roll inclinometer, gear indicator, fuel gauge, and bucket height, tilt, and weight indicators. The effectiveness
of the heads-up display unit is determined based on a goal of moving a certain amount of sand from one
place to another. The results demonstrate the utility of the heads-up display unit.

INDEX TERMS Multibody dynamics, heads-up display, real-time simulation, tractor model, physics-based
model.

I. INTRODUCTION
In the last decade, driving aids such as heads-up dis-
plays (HUDs) have gained considerable popularity from vehi-
clemanufacturers [1]–[5]. HUDs present augmentedmachine
data usually on the windshield such that drivers do not have
to look away from their conventional viewpoints. In practice,
a rapid prototype-based development of such HUDs may be
expensive or cumbersome [6]. However, a HUD unit can
be modeled from a detailed physics-based model of a vehi-
cle using virtual sensing, that is, by incorporating detailed
vehicle dynamics. It can allow vehicle manufacturers to test
HUDs for their vehicles using computer simulations even
before a physical prototype implementation. Additionally,
it can be utilized in user training, research, and other product
processes.

A. RELATED WORK–LITERATURE REVIEW
It is well established in the literature that classical dash-
board displays or head-down displays (HDDs) cause distrac-
tions [7] that can be alleviated by HUDs [8]–[10]. They serve
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a better alternative to provide machine data and increase
road safety [11], [12]. It is demonstrated in [10], [13] that
drivers can have faster focal re-accommodation time with
HUDs and canmaintain a consistent speed control.Moreover,
HUDs can help novice drivers to get familiarized with control
systems [10] and to enhance the surrounding awareness of a
vehicle en-route [14]. The studies on HUDs in general are
mainly focused towards the field of cognitive science such
as human behavior or user experience [15]. On the contrary,
the scope of this study is limited to the development of tool
sets to model HUD units.

The literature offers several studies regarding HUD mod-
eling and their evaluation on driving simulators. For exam-
ple, a HUD-based warning system was proposed in [16] to
evaluate drivers’ rear-end crash avoidance behavior when a
leading vehicle makes an emergency stop under foggy con-
ditions. Similarly, HUD-based speed assistance was devel-
oped in [17] to provide speed-guided messages through the
entire course of curve driving. The HUDs in [16], [17] were
tested on the National Advanced Driving Simulator (NADS
MiniSim) [18]. Even though the NADS MiniSim is based
on multibody dynamics (usage of which leads to realistic
simulations), however, the studies in [16] and [17] overlooked

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 57645

https://orcid.org/0000-0001-5077-9823
https://orcid.org/0000-0002-3294-1185
https://orcid.org/0000-0003-4371-1606
https://orcid.org/0000-0003-2762-8503
https://orcid.org/0000-0001-8267-0283


S. Jaiswal et al.: Real-Time Multibody Model-Based Heads-Up Display Unit of Tractor

the connection between HUD modeling and detailed vehi-
cle models. Furthermore, a full-windshield HUD model was
proposed in [14] to improve drivers’ spatial awareness and
response time during navigation under low visibility. This
HUD model was extended in [19] by incorporating a gesture
recognition system [20] to improve human responses during
a potential collision and slow down the plethora of incom-
ing information. The respective multimodal and augmented
reality (AR) versions of this HUD model [19] was developed
in [21] and [22] to alleviate the cognitive load caused by the
existing attention seeking HDDs. The HUD models in [14],
[19], [21], [22] were based on a minimalist visual display of
real objects, however, these studies ignored the description of
vehicle models used in the respective simulators.

Many studies in the literature are focused on examin-
ing various HUD models in real vehicles. For example,
HUD-based advisory speed assistance was developed in [23]
using a learning-based approach to compensate drivers gen-
erated speed tracking errors in real-time. Testing was carried
out in theUnity game engine and a real vehicle, where simula-
tion results deviated from reality. Similarly, navigation-based
AR-HUDs were studied in [24], [25] to examine drivers’
performance in simulation [25] and real-world environments.
In [24], simulations were carried out in the Unreal Engine
and on-road testing was carried out on a HUD-equipped
real vehicle, whereas AR-HUD interfaces were developed in
Unity. Simulation results even here deviated from real-world
tests. Furthermore, fixed and animated designs of AR-HUDs
were examined in [26] to evaluate drivers’ performance and
visual behavior in goal-directed and stimulus-driven tasks.
AR graphics were rendered in C++ and QT5 environment
and testing was performed on a real vehicle that was equipped
with a projection-based volumetric HUD. In all the studies
above [23], [24], [26], either tests were performed with real
vehicles or simulation outcomes deviated from reality, and the
lack of detailed physics-based vehicle dynamics in simulation
models can be a possible cause. Studies are even directed
towards eliminating the display error of HUDmodels, such as
in [27] and [28]. However, these studies [27], [28] used either
a stationary vehicle or utilized real-world driving images and
ignored vehicle dynamics.

Multibody dynamics can describe detailed physics-based
models of complex systems such like a tractor [29], [30].
This approach allows one to describe a large number of
bodies, hydraulic actuators, contact models, and tire models.
In the literature, a number of multibody dynamics approaches
have been used to describe various heavy-duty vehicles. For
example, an excavator was described in [31], [32] and [33],
a quadtrac in [34], a tree harvester in [35], and a tractor
in [36]. Solution of multibody equations of motion can be
synchronized to real-time as shown in [32], [35] and [36].
Moreover, virtual sensors can be built using a multibody
model such as in [37], [38].

Despite the previous research efforts as explained above,
the limitations of the exiting literature are in two manifolds.
First, even though the studies on HUDs provide detailed

explanations about HUD modeling, however, its connection
with the detailed physics-based model of a vehicle has been
overlooked. Second, even though the literature on multibody
dynamics can accurately describe real-time capable vehicle
dynamics, however, the use of such vehicle models in design-
ing HUD has been neglected. Therefore, this study claims to
cover this research gap by introducing HUD modeling based
on a detailed physics-based vehicle model.

B. OBJECTIVE AND RESEARCH QUESTIONS
The objective of this paper is to introduce a detailed real-time
multibody model-based novel heads-up display unit of a trac-
tor. To this end, a tractor is described using a semi-recursive
multibody formulation [39] and the hydraulic actuators are
described using the lumped fluid theory [40]. In this study,
the contact is described using the object-oriented bound-
ing box and penalty methods [41], [42], and the tires are
described using the lumped LuGre model [43], [44]. A heads-
up display unit is designed onto the windshield of the tractor
using a series of tasks that are associated with sets of logi-
cal conditions and instructions. The conditions and instruc-
tions determine/design the analog and digital gauges, which,
in turn, are linked with the virtual sensors installed at a
number of locations on the tractor. The advantage of using
a multibody dynamics approach is that virtual sensors can
be described using the multibody model of the tractor. This
enables a flexible approach to design a HUD unit and collect
user experience on it before its implementation into a real
tractor. In this study, the HUD unit includes elements that
are possible to implement into a physical tractor, such as
tachometer, speedometer, roll inclinometer, gear indicator,
fuel gauge, and bucket height, tilt, and weight indicators.
Examples of moving a certain amount of sand from one place
to another are demonstrated. Therefore, this study aims to
solve the following research questions: (a) How can a HUD
model be build using a detailed physics-based model of a
vehicle, such as a tractor?; (b) How can such a HUD unit
assist drivers to perform a certain work?; and (c) How robust
and modular is this HUD modeling approach to contribute to
the state-of-the-art?

This paper contains five sections. The structure for the
rest of the paper is organized such that Sect. II describes
the multibody modeling method. Section III describes the
modeling procedure for a heads-up display unit based on a
detailed real-time multibody model of a tractor. Section IV
provides simulation results and discussion of various tests
conducted. A conclusion is provided in Sect. V.

II. MULTIBODY DYNAMICS
The equations of motion for a constrained mechanical system
can be described using a multibody dynamics approach. This
approach allows one to describe systems of other physical
nature, such as hydraulic actuators. In this study, the multi-
body system is described using a semi-recursive formulation
based on a velocity transformation [39] because it allows
one to describe vehicles for real-time applications [32], [36].
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FIGURE 1. Illustration of a multibody system.

The hydraulic actuators are described using the lumped fluid
theory [40]. In this study, the contacts are described using
the object-oriented bounding box method [41] and penalty
method [42]. Furthermore, the tires are described using the
lumped LuGre tire model [43], [44].

A. SEMI-RECURSIVE MULTIBODY FORMULATION
In the semi-recursive formulation, the equations ofmotion are
expressed in the relative joint coordinates by using a velocity
transformation matrix [39]. Consider an open-loop system
with Nb bodies, where the adjacent rigid bodies Bj−1 and Bj
are connected by a joint as shown in Fig. 1. PointsP andQ are,
respectively, the locations of joints on bodies Bj−1 and Bj, and
dj−1,j is the relative joint displacement vector between them.

The position, rj, and the velocity, ṙj, of pointQwith respect
to the inertial reference frame can be, respectively, written as

rj = Rcm
j−1 + Aj−1ūj−1 + dj−1,j, (1)

ṙj = Ṙcm
j−1 + ω̃j−1Aj−1ūj−1 + ḋj−1,j, (2)

where Rcm
j−1 is the position of the origin of the body reference

frame of body Bj−1 with respect to the inertial reference
frame and Ṙcm

j−1 is its time derivative, Aj−1 and ω̃j−1 are,
respectively, the rotation matrix and skew-symmetric matrix
of the angular velocityωj−1 of body Bj−1, ūj−1 is the position
vector of point P in the body reference frame of body Bj−1,
and ḋj−1,j is the time derivative of dj−1,j. The body reference
frames are located at the center of mass of the bodies. The
rotation matrix, Aj, and angular velocity, ωj, of body Bj can
be, respectively, written as

Aj = Aj−1Aj−1,j, (3)

ωj = ωj−1 + ωj−1,j, (4)

where Aj−1,j and ωj−1,j are, respectively, the relative rotation
matrix and relative angular velocity between the two bodies
Bj−1 and Bj. In this study, Euler parameters are used to
describe a body’s rotation.

By using the principle of virtual work, the virtual power
of the forces acting on a multibody system can be expressed
as [39]

δq̇T (Mq̈+ C−Q) = 0, (5)

where δq̇ is the virtual velocity vector, M is the mass
matrix of the system, q̈ is the absolute acceleration vec-
tor, C is the quadratic velocity vector, and Q is the vector
of external forces and torques acting on the system. Note
that q̈ = [q̈T1 q̈

T
2 . . . q̈

T
Nb ]

T, C = [CT
1C

T
2 . . .C

T
Nb ]

T, and
Q = [QT

1Q
T
2 . . .Q

T
Nb ]

T. Furthermore, the virtual velocities
δq̇ are assumed to be kinematically admissible, implying that
they satisfy the equations of kinematic constraints. A veloc-
ity transformation matrix, R, is introduced to transform
the absolute coordinates into the relative joint coordinates
as

q̇ = Rż, (6)

q̈ = Rz̈+ Ṙż, (7)

where q̇ is the absolute velocity vector, ż is the relative joint
velocity vector, z̈ is the relative joint acceleration vector, and
Ṙ is the time derivative of R. For scleronomic constraints,
the kinematically admissible virtual velocities can be written
as

δq̇ = Rδż. (8)

By substituting Eqs. (7) and (8) into Eq. (5), the equations
of motion for an open-loop system can be written as

RTMRz̈ = RT(Q− C)− RTMṘż. (9)

Equation (9) presents Nf numbers of ordinary differential
equations of motion that are expressed in relative joint coor-
dinates. The computational efficiency of this formulation is
dependent on the computation of the velocity transformation
matrix, R, which in this study is obtained using an element
by element technique as in [30].

For a closed-loop system, a cut-joint is introduced in each
kinematic loop to make it an open-loop system, as shown
above. The loop-closure constraint equations are incorpo-
rated in the equations of motion by using the penalty
method [45] as explained in [39].

B. HYDRAULIC ACTUATORS
In this study, the lumped fluid theory is used to compute
the pressures in a hydraulic circuit [40]. In this approach,
a hydraulic circuit is divided into separate volumes where
the hydraulic pressures are assumed to be equally distributed.
Therefore, the effects of acoustic waves are assumed insignif-
icant in this study. The hydraulic pressure, ps, within a
hydraulic control volume, Vs, can be computed as

ṗs =
Bes
Vs

nf∑
k=1

Qsk , (10)

where Bes is the effective bulk modulus, Qsk is the sum of
volume flow rates in and out of a volume Vs, and nf is the
total number of such volume flow rates.

In this study, the directional control valves are described
by using a semi-empirical modelingmethod [46]. The volume
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FIGURE 2. A hydraulic actuator.

flow rate,Q, through a directional control valve can bewritten
as

Q = CvU sgn(1p)
√
| 1p |, (11)

where 1p is the pressure difference across the directional
control valve, Cv is the semi-empirical flow rate constant
of the valve that can be obtained from the manufacturer
catalogue, and U is the relative spool position that can be
described as

U̇ =
Uref − U

τ
, (12)

where τ is the time constant and Uref is the reference voltage
signal for the reference spool position.

Furthermore, the force, Fc, produced by a hydraulic
actuator, as shown in Fig. 2, can be written as [47]

Fc = p1A1 − p2A2 − Fµ, (13)

where A1 and A2 are, respectively, the areas of the piston and
piston-rod sides of the actuator, p1 and p2 are, respectively,
the chamber pressures on the piston and piston-rod sides, and
Fµ is the total seal friction [48].

C. CONTACT MODELING
The contact model in this study is described in two steps:
collision detection and collision response [49]. Collision
detection is determined using the object-oriented bounding
box method [41], which utilizes minimum rectangular solids
as shown in Fig. 3 to circumscribe the bodies along their axes
directions. In Fig. 3, the condition that two boxes E and F do
not overlap can be written as

T · Li > dEi + dFi, (14)

where

dEi = e1E1 · Li + e2E2 · Li, (15)

dFi = f1F1 · Li + f2F2 · Li, (16)

where T is the position vector between the center of the
boxes,Li is a separating axis in a normalized direction, e1 and
e2, and f1 and f2 are, respectively, the dimensions of boxes
E and F, and E1 and E2, and F1 and F2 are, respectively,
the normalized axes of boxes E and F. In three dimensions,
the condition shown in Eq. (14) such that the boxes do not
overlap needs to hold true for all the 15 potential separating
axes, implying that i = 1 : 15.
The collision response is determined using the penalty

method [42]. Assuming a single collision point model,

FIGURE 3. Illustration of contact modeling.

FIGURE 4. Illustration of the lumped LuGre tire model.

the normal contact force, Fn, at the collision point can be
written as

Fn = −
(
K
∣∣dM ,N ∣∣+ C ∣∣ḋM ,N ∣∣)n, (17)

where ∣∣dM ,N ∣∣ = (rN − rM ) · n, (18)∣∣ḋM ,N ∣∣ = (ṙN − ṙM ) · n, (19)

where K is the coefficient of elasticity, C is the damping
factor, rM and rN , and ṙM and ṙN are, respectively, the posi-
tions and velocities of collision pointsM and N in the inertial
reference frame, and n is the vector along the collision normal
such that n = (rN−rM )

|(rN−rM )|
.

D. TIRE MODELING
In this study, the lumped LuGre tire model [43], [44] is used
to model a tire as shown in Fig. 4. Furthermore, a tire is
described as a series of discs as shown in Fig. 4 (on the
left), where the typical forces involved are the longitudinal,
vertical, and lateral forces. The lumped LuGre tire model is
an extension of the Dahl model [50] and includes the Stribeck
and stiction effects. Based on the lumped LuGre tire model,
the friction force, Fs, at the contact between a tire and a
ground can be written as [43]

Fs = (σ0z+ σ1ż+ σ2vr )Fn, (20)

where
ż = vr −

σ0vr
g(vr )

z, (21)

g(vr ) = µc + (µs − µc) e
−

(
|vr |
vs

) 1
2

, (22)
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where z is the average bristle deflection (an internal state
variable), σ0 and σ1 are, respectively, the longitudinal lumped
stiffness and damping of the rubber, σ2 is the coefficient of
viscous friction, vr is the relative tangential velocity between
the tire and ground, Fn is the normal force, µc and µs are,
respectively, the normalized Coulomb and static frictions
such that µc ≤ µs ∈ [0, 1], and vs is the Stribeck velocity.
Note that |vr | = r |ω| − |v|, where r , ω, and v are respec-
tively, the radius, angular velocity, and linear velocity of the
tire.

III. MULTIBODY MODEL-BASED HEADS-UP DISPLAY
UNIT
Using themultibody dynamics explained in Sect. II, a detailed
physics-based tractor can be modeled as in this study.
It should be noted that the focus of this study is to introduce a
HUDunit of a tractor, which is based on a real-timemultibody
model. Accordingly, a semi-recursive multibody formulation
that is based on a velocity transformation [39] is utilized to
demonstrate a wide capability of real-timemultibodymodels.
However, the scope of this study is not limited to a sin-
gle multibody formulation only. Other multibody formula-
tions that provide real-time capabilities are also applicable,
such as index-3 augmented Lagrangian semi-recursive for-
mulation [51], [52] and double-step semi-recursive formu-
lation [53]–[55]. It is also important to note that the used
multibody formulation can be applied to wide variety of HUD
studies.

A. MULTIBODY MODEL OF A TRACTOR
As a case example, a tractor is modeled using the
semi-recursivemultibody formulation explained in Sect. II-A.
The bodies and joints used in the tractor model are shown
in Fig. 5a. Modeling the mechanical system of the tractor
can be divided into two parts: modeling the tractor vehicle
and modeling the front-loader. The components of the tractor
vehicle consist of the cabin, frame, front axle, tie rod, pivot
left, and pivot right. The tie rod is used to model the steering
mechanism. The components of the front-loader consist of
links 1 to 6 and the bucket. The lifting of link-3 and the tilting
of link-6 is controlled using hydraulic actuators as explained
in Sect. II-B. The power transmission system used in the
modeling of the tractor is shown in Fig. 5b.

Overall, the tractor model consists of 13 bodies and
15 joints, and a total of 28 joint coordinates. The structure
consists of both open and close kinematic loops, therefore, for
the closed-loop links, three cut-joints as shown in Fig. 5 and
15 loop-closure constraints are introduced. The model has
nine degrees of freedom (DOFs), where six DOFs correspond
to the translational and rotational axes of the tractor, one
DOF corresponds to the steering mechanism, and two DOFs
correspond to the lifting and tilting mechanism of the front-
loader.

Furthermore, four hydraulic actuators are modeled using
the lumped fluid theory, explained in Sect. II-B, to lift and
tilt the front loader as shown in Fig. 5. Here, the internal

dynamics of the hydraulic system are computed, and the
resultant forces are combined with the force vector of the
multibody equations of motion as in [56]. It should be noted
that leakage is neglected in the hydraulic system model.
In addition, a deformable ground (sand field) is modeled
as in [36], which allows the bucket to fill physically and
visually accurate sand particles. The interaction between
the force points, defined on the collision geometry of the
bucket, and sand field generates sand particles. Tires are
modeled using the lumped LuGre tire model as explained
in Sect. II-D.

B. HEADS-UP DISPLAY UNIT OF A TRACTOR
Operating a tractor can be cumbersome because its
human–machine interface is not simple and requires years
of on-the-job training and education. Other than driving,
the primary aim in a tractor is to interact with its environment,
and the present human–machine interface offers inadequate
information about its surroundings and poor work visibility.
HUDs can alleviate this problem by presenting more visual
clues about the sensor systems of the vehicle in the field-of-
view of drivers, thus, providing a quantitative picture of the
surroundings [57]. However, the positioning and differences
in the perception of HUD images can cause undue mental and
physical workloads that can reduce the productivity of drivers
through impaired concentration and fatigue [58]. Therefore,
care should be taken in general to follow adequate image
displaying method [58] that can reduce the cognitive load of
drivers, increase their efficiency, and decrease energy costs.
Furthermore, presenting machine data on a small area of a
windshield impose limitations on the amount of machine
information being displayed [59]. It can cause information
overload, visual clutter, cognitive capture, and distorted per-
ception of surrounding objects, which can adversely affect
the driving performance [60]–[62]. Therefore, understanding
drivers’ information need can be crucial [5], however, it is not
covered within the scope of this study.

A tractor with a front-loader can interact with its environ-
ment in several ways [63]. For example, it can load and trans-
fer materials from one place to another, or it can collide with
the objects of the environment. The loading and transferring
of material are a common task for a tractor, and in such a
situation, the driver has a limited information about the bucket
position, bucket angle, and weight in the bucket. Therefore,
a HUD unit with an effective symbology design can provide
these data to improve drivers’ performance and reduce their
workload. Accordingly, the scope of this work covers both
analog and digital gauges in the HUD unit. It should be noted
that care is taken to model the design, complexity, image
quality, and perceptibility of the HUD unit in an acceptable
manner, keeping in mind the cognitive and sensory abilities
of drivers [15].

In this study, a simple goal is demonstrated where a
certain amount of sand needs to be picked from a sand
pile and then dumped onto another place on the ground.
In the process, a HUD unit is available to assist the driver,
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FIGURE 5. Tractor model used in this study.

for example, in picking an appropriate amount of sand.
In general, the designs on a HUD are dependent on a number

of factors, especially, from the field of cognitive science, such
as symbology, clutter, and viewing comfort issues [60], [65].
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FIGURE 6. Heads-up display unit installed onto the windshield of the tractor [64].

TABLE 1. The elements of the HUD unit used in this study.

However, this work is only focusing on technical aspects.
Here, only one HUD unit is presented onto the windshield
to demonstrate the utilization of virtual machine data, which
is based on detailed physics-based models, and to assist in
task completion. The elements of the HUD unit used in this
study are shown in Table 1.

The design of a HUD unit is defined as a scenario, which
consists of a series of tasks. Each task is associated with a
set of conditions and instructions. The conditions are defined
based on value boundaries and the instructions define the
gauges and HUD images. These value conditions determine
the display of analog and/or digital gauges. The gauges,
in turn, describe the gauge type, where for analog gauges,
it defines the size and position of the gauge on the windshield
of the tractor; and for digital gauges, it defines the size,
position, and color of the data on the windshield. Note that
the gauges are linked with the data sources of the tractor
model, which is defining all the required parameters. Thus,
the HUD unit can present the virtual machine data during a
real-time simulation. Furthermore, the value conditions can
also determine the display of other HUD images, such as an
out-of-fuel message, a rollover message, and gear and brake
signs.

The data sources of the tractor model, which are linked
with the gauges of the HUD unit, are described using virtual

sensors installed at a number of locations on the tractor.
Note that the virtual sensors are selected in such a way that
similar physical sensors could be installed on the real tractor.
The tachometer uses the engine speed and the speedometer
utilizes the angular velocity and radius of the tires. The data
source of the roll inclinometer is described by installing an
inclinometer on the cabin of the tractor. An inclinometer is
a directional accelerometer that measures the angle of the
cabin with respect to the gravity force. The gear indicator
utilizes the gear number of the gearbox. The fuel indicator
is defined by using the fuel consumption parameter of the
engine. The data source associated to the bucket height indi-
cator is described by installing a distance sensor between a
point on the front axle and a point on the bucket. The bucket
tilt indicator uses data from a rotary encoder installed on
the bucket. The data source of the bucket weight indicator
is defined by installing a mass sensor near the teeth and
inside the bucket. The mass is calculated based on the number
of sand particles crossing the mass sensor at the specific
location.

It should be noted that the HUD unit offers a gamified
experience of the tractormodel as shown in Fig. 6. Here, game
logics are used to make the HUD unit more interactive during
a training. For example, to achieve the goal of moving a
certain amount of sand from one place to another, a number of
challenges are introduced, such as limited fuel and a limited
rolling angle. The HUD unit indicates the critical conditions
of the fuel and roll angle by highlighting them in red in the
respective analog gauges. If the tractor is out-of-fuel or a
rollover has occurred, then the HUD unit shows a breakdown
message and the simulation is forced to terminate. Note that a
real-time simulator with a two DOFs motion platform is used
to provide a realistic experience of the tractor maneuver.

As this study is concernedwith the development of tool sets
to model HUD units, therefore, only a quantitative evaluation
procedure has been employed in this study. Simulation tests
are performed by only an inexperienced tractor driver (first
author). Before the simulation tests, the participant is given
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FIGURE 7. Tractor simulator installed with the heads-up display unit.

an opportunity to use the simulator to familiarize himself
about the simulation environment and simulator controls.
As mentioned above, the goal is to pick a certain amount of
sand from a sand pile and dumped onto another place on the
ground. The quantitative evaluation is carried out by measur-
ing the amount of sand moved and the movement of the front-
loader, such as lifting and tilting of the bucket. The respective
gauges are made available to the driver through the HUD unit,
where the recommended values of the height and tilt angle
of the bucket are marked to collect the maximum amount of
sand. These values are provided based on a predetermined
evaluation of the sand pile and bucket geometry.

A total of 10 simulations are run to test the utility of the
HUD unit and achieve the goal of moving sand, where the
driver moved sand ranging from 100 kg to 600 kg, approx-
imately. However, due to a similarity in the results, data for
only four simulation tests are presented such that the amount
of sand collected in the bucket are approximately 100 kg,
200 kg, 450 kg, and 600 kg. Please note that for conciseness,
this paper is focused on demonstrating the utility of the HUD
unit that is built using the multibody model of a tractor.

IV. TESTS AND RESULTS
This section presents the simulation results of the real-time
multibody model-based HUD unit of a tractor. To test the
HUD unit, the simulator setup used is shown in Fig. 7.
The used tractor simulator is installed with two degrees of
freedom hydraulically driven motion platform to provide a
realistic experience of the tractor maneuver. Inputs provided
by the driver through the steering wheel, joystick (bucket
lifting and tilting), gear buttons (gear index), and foot pedals
(accelerate, brake, and clutch) are fed to the central process-
ing unit (CPU). The CPU, in turn, provides output for the
display and motion platform. Additionally, the sounds of the

engine and movement of the bucket are also provided as an
output for a realistic experience. It should be noted that the
motion signal provided to the motion platform depends on
the undulating terrain of the model and the interaction of the
tractor with its surroundings.

A HUD unit incorporated simulator platform can facil-
itate a training process. Out of a number of simulations
performed, data for only four tests are shown in this section
for demonstration purpose. The amount of sand collected,
and the real-time ability of the system are demonstrated.
Additionally, critical conditions such as limited fuel and a
limited rolling angle are simulated.

A. PERFORMANCE OF THE HUD UNIT
To achieve the goal of moving a certain amount of sand from
one place to another, the tractor model in all four simulation
tests follow a three-dimensional maneuver. Figure 8 shows
the simulation frames of the HUD unit at different instants
of time for the fourth test. By following the HUD unit at
8.50 s, the height and tilt angle of the bucket are adjusted
to the recommended values in the bucket height and tilt
indicator gauges. The recommended values are marked on
the analog gauges to collect a maximum amount of sand in the
bucket. The values are predetermined based on the simulation
environment, that is, the sand pile. At 10.60 s, the digging
operation is performed on a pile of sand that is on the right
side in the first and second simulation frames of Fig. 8. After
the digging operation at 12.41 s, the bucket is lifted upward
and tilted inward as visible in the simulation frame at 14.45 s.
During reversing at 17.42 s, the tilt angle of the bucket is
slightly adjusted, which is visible in the simulation frame
at 26.08 s. At 39.29 s, the sand particles are dumped onto
another place of the ground. The tractor maneuver for the
fourth test is shown in Fig. 9.
The work cycle shown above demonstrates the utility of

the HUD unit in performing a certain task. It provides data
such as the weight, height, and tilt of the bucket, thus, it illus-
trates a quantitative picture of the surroundings of the vehi-
cle. Moreover, the multibody modeling approach provides
a physics-based description of the tractor model. Therefore,
this multibody-based HUDmodel can be used in user training
and in testing HUDs for various other vehicles.

B. AMOUNT OF SAND COLLECTION
For the simulation tests, the mass of sand particles inside the
bucket is shown in Fig. 10a, and the tilt angle and height of
the bucket are shown in Fig. 10b. In the process, the bucket
is filled with approximately 450 kg, 100 kg, 200 kg, and
600 kg of sand in the consecutive tests, respectively. Other-
wise, before the digging and after the dumping operations,
the bucket is empty. In all the simulations, the mass inside
the bucket fluctuates because of the vibration of the bucket
caused either by the tractor reversing or by the hydraulic
actuators. During reversing, the tests are performed carefully
so that sand particles are not dropped from the bucket.
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FIGURE 8. Simulation frames of the HUD unit of the tractor model at different instants of time for the fourth test.

As shown in Fig. 10b, the height and tilt angle of the bucket
in every test is adjusted to the recommended value before
the digging operation at around 10–11 s. However, varying
lifting and tilting of the bucket after the digging process
result in different amounts of sand in the bucket. Furthermore,
the amount of sand moved is measured for a quantitative eval-
uation and it can be seen from Fig. 10a that the performance
of the driver can be improved with every turn. Therefore,
perhaps the HUD unit can help to get accustomed to controls
and perform better.

C. REAL-TIME ABILITY OF THE SYSTEM
In this study, a complex multibody model of a tractor is
demonstrated, which includes descriptions of hydraulic actu-
ators, contact modeling, tire modeling, and deformable sand

field. For all the simulation tests, the loop integration time of
the system is shown in Fig. 11. In Fig. 11, the integration time
in each time-step is always less than the simulation time-step
(1.3 ms) indicating that the simulation step is solved before
moving onto the next time-step. Thus, the results demon-
strate a computationally efficient system which is real-time
enabled. In order words, the real-time capability implies
that an output can be received via the display and motion
platform as soon as inputs are provided through the steering
wheel, joystick, gear buttons, and foot pedals. Therefore,
such real-time enabled system can be used in training and
other product processes. Furthermore, it should be noted that
the loop integration time is low when sand particles are not
present, otherwise, the integration time is relatively higher.
All the simulations are performed in a C++ environment
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FIGURE 9. Tractor maneuver for the fourth test.

FIGURE 10. Data of bucket weight, tilt, and height indicators of the HUD
unit during the simulation tests.

(compiler: Microsoft Visual Studio, version 14.1) and the
used hardware/software is shown in Table 2.
In regard to the real-time policy in the C++ environment,

the developed simulation application utilizes a QueryPer-
formanceCounter function from Microsoft libraries in the
timing function under a profileapi.h header. This function
retrieves the current value of the performance counter with

FIGURE 11. Loop integration time of the simulations.

TABLE 2. A description of the used hardware/software.

a high resolution of 1 µs that is used for the measurement
of time-interval. On systems with a Windows XP or later
operating systems, this function always succeeds and returns
a nonzero value. However, it should be noted that this function
is not limited for the loop integration time to reach a pre-
defined simulation time-step at the end of a simulation step.
This implies that the loop duration can exceed the real-time
requirement and is left to a model designer to define a model
simple enough for achieving a real-time simulation.

D. SIMULATING CRITICAL CONDITIONS
The critical conditions of limited fuel and a limited rolling
angle are simulated to test the robustness of the HUD unit.
Figure 12 shows the simulation frames of the HUD unit when
the system is on the verge of meeting the critical conditions.
Once the critical condition is met, the HUD unit displays a
breakdownmessage and the simulation is forced to terminate.
The limiting criterion for the fuel gauge is 1% of the maxi-
mum fuel and for the roll inclinometer, it is 20◦.

E. DISCUSSION
The utility of the HUD unit in performing a certain task is
demonstrated in Sect. IV-A. It can help to get accustomed
to controls and perform better as shown in Sect. IV-B.
Furthermore, the real-time capability (Sect. IV-C) and the
physics-based modeling of the tractor provided a realistic
experience of the tractor. Therefore, it is safe to conclude
that themultibody-based HUDmodel introduced in this study
can be used in user training, research, and testing HUDs for
various vehicles.
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FIGURE 12. Simulation frames of the HUD unit while simulating critical
conditions.

In conclusion, the research questions raised at the begin-
ning of this research has been answered as follows: (a) A
HUD can be modeled from a detailed multibody model of
a vehicle using virtual sensing; (b) The HUD unit can assist
drivers to perform certain tasks by providing a quantitative
picture of the surroundings of the vehicle; (c) The proposed
HUD modeling approach is robust because it can simulate
critical conditions in real-time and is modular because it
utilized a multibody modeling approach, thus, contributing
to the state-of-the-art.

V. CONCLUSION
This study demonstrated a detailed real-time multibody
model-based heads-up display unit of a tractor. The tractor
was described using a semi-recursive multibody formulation
and the hydraulic actuators were described using the lumped
fluid theory. A HUD unit was designed based on a series of
tasks that were associated with sets of conditions and instruc-
tions. These conditions and instructions determined/designed
the analog and digital gauges that were linked with the virtual
sensors of the tractor model. The virtual sensors were built
using the multibody model of the tractor. The elements of the
HUD unit were tachometer, speedometer, roll inclinometer,
gear indicator, fuel gauge, and bucket height, tilt, and weight
indicators.

The utility of the HUD unit was demonstrated based on
a goal of moving a certain amount of sand from one place
to another. In all the simulation tests, the tractor model fol-

lowed a three-dimensional maneuver. The simulation frames
of the HUD unit demonstrated its use in assisting a driver to
meet the above-mentioned goal. The real-time capability of
the system was shown where the loop integration time was
always less than the simulation time-step. Such a HUD unit
enabled real-time tractor simulator can facilitate a training
process. Furthermore, critical conditions such as limited fuel
and a limited rolling angle of the tractor were also presented.
In conclusion, this study answered all the research questions
raised at the beginning of this research and is contributing to
the state-of-the-art.

In future work, the proposed method can be used to design
HUD units for other complexmobile machines. Various goals
can be set to study which goal requires more interaction
with the HUD unit. In different operating situations, it can
be studied that how a HUD unit contributes to a driver’s
workload, driving performance, and situational awareness.
Moreover, a qualitative evaluation procedure can be carried
out to provide more conclusive results about the efficiency
and usability of the HUD model through user evaluations.
Furthermore, user-centric HUD elements may facilitate a
training process and product development. A HUD unit can
be installed on an actual tractor and can be implemented for
field testing.
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