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Abstract: Vehicle simulators are multimodal interactive applications used in many human activities
with different purposes. However, they are sometimes expensive systems that need to be carefully
studied before they are designed and built, since some simulators can actually be much more
expensive than the simulated vehicle. This is an important issue, although it is sometimes overlooked
in scientific research. This paper proposes four different setups (with a variety of visual, sound,
motion generation, and user-input interfaces) for non-aerial vehicle simulation, using a speedboat
simulator as a case study. These setups are analysed in terms of their cost and their effectiveness
is discussed. Rough figures are provided to give a comparative insight into the economic order of
magnitude necessary to design and build a vehicle simulator.
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1. Introduction and Related Work

The history of modern vehicle simulation dates back to the early years of the twentieth century [1].
There are records of primitive flight simulators as early as 1910 [2]. Computer-based vehicle simulations
appeared after World War II, although the earlier visual systems were based on TV cameras with
mock-ups or pre-recorded scenarios. Synthetic images appeared in the 1970s and 1980s. Yet, there
were not realistic visual systems almost until the end of the century. The use of motion platforms to
add self-motion perceptual cues and achieve physical or perceptual validity [3] in vehicle simulators
is not new either. They were first applied to simulations in the 1950s, although earlier devices, like
the Link Trainer, tried to include this effect in simulators, with little success [4]. During the 1960s and
especially the 1970s, when Stewart-Gough [5] parallel manipulators were introduced and applied for
vehicle simulation, these kinds of systems became common in flight simulators [6].

Vehicle simulators are used in many knowledge areas with different objectives. They can be used
for skills training, so that pilots learn how to control a vehicle and practice these kind of skills. They
can be used to train and learn protocols (safety, rescue, landing, take off, refuelling, etc.) when pilots
already know how to control the vehicle, but need further training in high level strategies. They are
also used for scientific research to study the behaviour of particular groups of pilots. They can be
used for entertainment, education, edutainment, safety awareness, etc. Different uses and objectives
create different necessities and requirements, which significantly modify the cost-effectiveness ratio of
the vehicle simulator. Therefore, it is essential to design the simulator according to its objectives, so
that the cost-effectiveness ratio is minimized. In this regard, it is important first to know the different
interaction paradigms and multimodal perceptual cues that can be added to the simulator.
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Vehicle simulation is considered of the utmost importance and the vehicle simulation industry is
probably the leading industry in the simulation field, as vehicle simulators provide many benefits for
companies, vehicle operators (pilots, drivers), and for society as a whole (throughout this work, we
use the word pilot, referring to vehicle operators, regardless of the vehicle type). Vehicle simulators
provide [1,7,8]:

• An increase in safety and a reduction of risks.
• Cost reduction, since failures can be detected in early phases.
• Greater trial availability, since the simulator, unlike some vehicles, is usually always available.
• An increase in the availability of trainers and students, since the simulator can be installed in

many different places, unlike real vehicles, which may be confined to a port or circuit.
• The possibility of simulating accidents without causing damage to the pilots.
• The possibility of recreating a variety of situations and weather conditions without having to wait

until they happen (if they do).
• The possibility of repeating the same tests under the same conditions.
• The ability to evaluate tests objectively and perform debriefings with pilots.
• Transfer of skills and training.

A great deal of vehicle simulators, with different setups, for many different vehicle types have been
proposed: planes [9–12], helicopters [13–15], cars [16–18], motorcycles [19–21], trucks [22], tractors [23],
sail ships [24], engine-based ships/boats [25–28], bicycles [29,30], or even tricycles [31]. Some of them
include multimodal perceptual cues and realistic interaction systems. The spectrum of setups is very
wide, and the complexity of the simulators has generally increased over the years.

Planes are expensive and complex vehicles and the need for expert pilots is fundamental since
accidents with aircrafts are, more often than not, fatal. Therefore, flight simulators have led the
research in vehicle simulation ever since computers started to be applied to this field. The application
of simulation techniques to other types of vehicles has led to many research areas, where simulation is
applied with different interaction paradigms and multimodal perceptual cues. In this regard, a flight
simulation is obviously different from driving or ship simulations. Physics, vehicle controls, cockpit
complexity, training necessities, pilot behaviour, and expectances are different, although a great deal of
common ground can be established and some of the simulation software could be shared, producing
synergies. However, the economic side has always been an issue, and some vehicles are less expensive
than their corresponding vehicle simulators. A vehicle simulator is designed to serve a purpose, and
therefore, it may be sometimes hard to justify building a simulator that is much more expensive than
the actual vehicle, unless safety reasons compel its development. This is one of the reasons for the
large use of flight simulators with respect to other areas. This does not mean that the simulation of
other types of vehicles is not as important as a flight simulation. On the contrary, a driving simulator
to prevent road accidents, for instance, can be also very cost effective.

The analysis of the effectiveness of simulators constitutes a vibrant, interesting, and very important
research field, since the variety of simulator types and goals creates different needs, which, in turn,
implies different assessment methods. In some simulators, it is sufficient to analyse the behavioural
validity (the extent to which the simulator replicates the real behaviour of the vehicle) [32]. For
training simulators, the effectiveness of the simulation is usually determined by the amount of training
time in the real vehicle that can be saved by using the simulator [33]. Simulation systems can be
assessed subjectively (gathering opinions about how they are perceived by their users), although
objective evaluation is usually preferred, except for the assessment of motion fidelity, which is a
controversial topic with different opinions [6,34]. Simulation effectiveness can also be evaluated
directly by measuring the goals of the simulator (if possible), or indirectly, by measuring variables
that are thought to be related to the purpose of the simulator [35]. In any case, the assessment of the
effectiveness of a simulator depends on its purpose, and few general rules can be provided.
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Since the complexity of many of these simulation systems usually make them very expensive,
in recent years, there has been a renewed interest in low-cost vehicle simulators [10,36,37], so that
effective but inexpensive vehicle simulation systems can be designed and implemented. Unfortunately,
the analysis of the cost of these systems is something rarely done in the academic community and it is
usually left for the simulation industry.

For this reason, this paper presents four different setups for vehicle simulations, analysing their
costs, while discussing their possible effectiveness. The paper focuses on non-aircraft simulation, since
it is a less researched field. We use a speedboat simulator as a case study, to illustrate the analysis and
provide actual cost figures.

2. Materials and Methods

2.1. Components of a Vehicle Simulation

A vehicle simulator is composed of several software modules and hardware devices that work
together to perform the simulation. These modules and devices can be grouped into the following
subsystems:

• Physics system. It is the core of the simulation. It simulates the physical behaviour of the vehicle
by means of a suitable model of the simulated vehicle, which is called the virtual vehicle.

• Task system. It is usually a software module in charge of guiding the execution of the simulation so
that the vehicle simulator serves its purpose and objectives. In a training simulator, for instance, it
would be in charge of providing the conditions of the training session and/or supervising the
execution of the exercises. It is highly dependent on the simulator type and objectives, although it
can be considered an integral part of the vehicle simulator, since it controls several key aspects of
the simulation.

• Visual system. It provides visual cues for the pilot.
• Sound system. It is used to generate acoustic perceptual cues.
• Motion system. It generates real motion for the pilot, in order to provide self-motion perceptual

cues that are consistent with the movements of the virtual vehicle.
• User-input system. It includes the reproduction of the vehicle controls (although they are sometimes

simplified). It serves as the entry point of user’s actions to the simulator.
• User-output system. It includes the gauges or indicators of the vehicle (revolution counter,

speedometer, fuel indicator, etc.), which can be virtually or actually reproduced. Together with
the previous system, they correspond with the cockpit of the vehicle.

Figure 1 summarizes the different elements of a vehicle simulator. Elements in blue represent
hardware devices. Arrows represent the communication of information.

The task module and the physics module control the simulation. The former sets and supervises
the conditions for the vehicle simulation, while the latter controls almost all the aspects of the behaviour
of the virtual vehicle. Modern vehicle simulators require that this module calculates the dynamic
equations that model the physical behaviour of the vehicle. This vehicle model is controlled by means
of sensorized vehicle controls that are read through the user-input module.

Audio-visual cues are managed by visualization and sound software modules, which render
audio-visual cues through the visualization and sound hardware. If a more realistic simulation is
considered, some of these visual cues can come in the form of actual vehicle gauges, which are
controlled and displayed via the user-output module. In some cases, they can be (virtually) integrated
within the visual module.
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Finally, self-motion perceptual cues are generated by moving the pilot by means of a motion
platform. A Motion Cueing Algorithm (MCA) [38], in combination with software for the motion
platform actuators, is responsible for this task. It is required that visual and inertial cues be rendered in
a synchronized way. In fact, some designs place the visual system on top of the motion platform. This
causes the motion hardware to slow down its movements when the visual system is too heavy. Thus,
the visual system is often left on the ground and the motion cueing software performs corrections to
account for the discrepancies between the expected perspective, and the current one.

Other modules could be added to include Artificial Intelligence or provide other perceptual
multimodal cues, such as tactile, haptic, olfactory, thermal, pressure, etc. In this regard, it is important
to clarify that the proposed structure represents one possible general approach for organizing a vehicle
simulator. This could be adapted to fulfil the particular requirements of the simulator, and other
approaches can be proposed where some components may be absent or some others may be needed.

2.2. Case Study: A Speedboat Simulator

A speedboat or motorboat is a boat propelled by an engine, which is designed to achieve high
speeds in a water medium. They are used for recreational activities, and rescue and surveillance tasks,
among others. Although speedboats can significantly vary in size, configuration, and power, the most
common setup is between four and eight meters long with an engine in the back. Most of them are
controlled by a rudder, similar to a car steering wheel. The propeller is usually controlled by means of
an analogic throttle lever. Some of them incorporate a compass, radio communications, and visual
aids for the pilot, such as fuel or revolution counters.

The motion of a speedboat is highly dependent on sea conditions. In any case, they tend to pitch
up with throttle, pitch down abruptly when the throttle is cut, and roll from side to side if sea waves
are high, especially if no throttle is applied [39]. They have no brakes, since the high friction of water
makes them unnecessary. Most of them have no windshield or pilot protection structure either, and
therefore, the sound of the engine and the wind itself are quite noticeable. They are designed to achieve
high speeds, but due to the nature of water, they do not usually reach more than 20–30 knots (less than
60 km/h) at full throttle. Acceleration and tilt are quite noticeable, though, because the vehicle is
constantly moving, either by the action of the propeller or by the sea waves.

The simulation of this kind of vehicle (see Figure 2) is rare, as most of the works dedicated to
marine vehicle simulation are focused on large ships, which are much more expensive. However, this
vehicle represents an interesting case study of interactive multimodal setups, because the absence of a
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windshield makes extra-visual cues (wind, sound, etc.) important, it exhibits a great motion range,
and its controls are neither too simple nor as complex as those of a plane.
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In addition, the need for training people in using this kind of vehicle is important, and the risks
associated with accidents using a speedboat represent an opportunity to use vehicle simulators. In
fact, this kind of simulator could be of interest for many reasons. First, to help trainees learn how to
control this vehicle—there are only a few controls, but sea conditions (waves, currents) are constantly
varying, making this task quite complex. Second, to study the human factors and the reaction of pilots
to different sea/weather conditions. Third, to train safety and rescue protocols (this kind of vehicle is
extensively used in sea rescue patrols). Fourth, to improve these protocols by analysing possible flaws
and risks in their specification and design.

2.3. Setup #1

In the following sections, we propose several setups for vehicle simulators, using the speedboat
simulator as a case study. One of the simplest setups for a vehicle simulator is to use a monitor
and a USB game steering wheel (or even a joystick). Of course, not all vehicles are controlled by a
steering wheel, but most of the non-aerial vehicles (cars, trucks, tractors, buses, ships, boats, etc.) are
or may be. Aircrafts have complex control systems and require some sort of cockpit reproduction, but
might be adapted to this setup if the vehicle simulation is intended exclusively for entertainment. The
number of simulation-oriented steering wheels available in the market is significant and even seats
and simple cockpits can be found at reasonable prices. Monitors are also cheap and can be substituted
by a TV screen to produce a larger visualization system. Although most TV screens provide decent
sound generation, a dedicated sound system can be added, so that the speakers can be placed in
different locations.

For the speedboat simulator case, the proposed setup #1 is composed of:

• A computer. This is needed to run the physics simulation and generate the audio-visual content.
• A 50′ ′ TV screen. This represents the hardware of the visual system.
• A 2.1 speaker system, to generate simple but effective spatial sound.
• A USB racing steering wheel. Although, these devices are usually employed for driving simulation,

they can serve as the speedboat control system.

2.4. Setup #2

In order to enrich the experience of the users, this setup proposes a much more complex design. To
upsize the display system, a reasonable solution is to use a big white screen and a projector. This creates
a much more immersive visualization that contributes to enhancing the user experience. Obviously,
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the larger the screen, the more expensive the solution is. In addition, if the screen is too large, more
than one projector could be needed to fill the surface.

An evident improvement over the previous setup is to include the actual vehicle controls in the
simulator. As a complete vehicle or even a cockpit are usually very expensive, a reasonable solution
is to recreate only the controls and gauges of the vehicle. This is highly dependent on the particular
vehicle being simulated. Nevertheless, in all cases, the controls need to be sensorized so that the actions
on the vehicle controls are communicated to the computer running the simulator software. This is
usually accomplished by placing sensors, like potentiometers or tilt-sensors, in the vehicle controls.
Unlike controls, gauges can be virtually reproduced.

Another way to enhance the user experience is to add self-motion generation, so that users
perceive motion in a way that is similar to a real situation. This is usually accomplished by placing
the user and the vehicle controls over a motion platform. This device would generate motion cues
consistent with the visual information. Thus, it needs to be properly synchronized with the visual
system and receives data from the physics module. The complexity and the utility of these devices
depend on the number of degrees of freedom (DOF), the size, and the power of the actuators. Many
studies show that the addition of motion cues improves the perceptual experience or control behaviour
of the pilots [12,40,41]. However, it is also true that bad motion cueing could sometimes be even worse
than no motion. Therefore, it is very important to study the motion capabilities of the motion platform
so that it is the right one for the simulated vehicle. A proper characterization of the vehicle motion
and the perceptual cues associated with it should be performed before choosing/building the motion
mechanism, as explained in [39].

For the speedboat simulator case, the proposed setup #2 is composed of:

• A computer. It should not be very different from the one in setup #1.
• Two projectors and a 2 × 3 m (width × height) white flat reflective surface. It substitutes the TV screen

of setup #1.
• A 2.1 speaker system, to generate spatial sound.
• A 2-DOF pitch-roll motion platform (similar to the one shown in Figure 3). This is probably the

simplest motion system design, yet it provides clues about the pitch-roll motion of the speedboat,
which are the most important ones for this vehicle [39].

• A real speedboat control post with rudder and throttle (as seen in Figure 4). These controls are
sensorized by means of potentiometers. Although the sensors are usually cheap, the design work
to fit them into the real devices can be complex.
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2.5. Setup #3

More improvements can be proposed for the vehicle simulator. Regarding the visual system, a
single flat screen still represents visual information differently from a real world situation, since the
human eye has a large field of view (FOV) and extra-foveal information contributes to the immersion
sensation. Therefore, it is advised that the simulator visual system covers at least 180◦ of horizontal
FOV with respect to the pilot position.

The motion system can also be enhanced by adding capabilities to the motion platform. A natural
improvement is to include additional DOF.

With the vehicle controls already sensorized, improvements can be made by adding actual gauges
of the vehicle, instead of showing them virtually. In the case of the speedboat, the most important one is
the navigation compass, which can be actuated with a small motor to move the north mark consistently
with the heading of the simulated vehicle. Another important improvement in this case study is to
generate wind with an electrical fan controlled by the simulator, so that the amount of generated wind
is directly proportional to the speed of the simulated vehicle. This fan has to be synchronized with the
physics module. Wind sensation is very important in vehicles with no windshield.

For the speedboat simulator case, the proposed setup #3 (see Figure 5) consists of:

• A computer. It should not be very different from the one in setup #2.
• Six projectors and three white flat reflective surfaces (two projectors per surface) with the same size as

in setup #2. The use of three screens allows the creation of different visual setups (U-shaped or
trapezium-shaped) that are much more immersive than the one in setup #1 (see Figure 6).

• A 5.1 speaker system, to generate spatial sound. The use of three screens allows placing the speakers
in different locations, increasing the quality of the spatial sound.

• A 3-DOF heave-pitch-roll motion platform. This is still a simple motion system design, yet it provides
the most important inertial clues of the speedboat (except for the yaw rotation, which is absent).
The inclusion of heave motion allows the simulation of vertical acceleration caused by the boat
hitting water.

• A real speedboat control post with an actual compass plus a small motor to move its north mark
(see Figure 7).

• A wind generator plus a frequency inverter to control the speed/power of the fan.
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2.6. Setup #4

The visual system in setup #3 can be improved by using cylindrical screens instead of the flat
ones. The problem of flat screens is that they show three different perspective projections that match
in adjacent borders, but they represent a visual scenario that is slightly different from the one that
the human eye experiences. With cylindrical surfaces, the projection can be made in a way much
more similar to the one that the human eyes expects. However, these screens are harder to build, and,
therefore, are more expensive.
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Self-motion can be enhanced by using a 6-DOF motion platform. The fact that it possesses six
DOF does not mean, however, that it has unlimited motion capabilities. In fact, the translational
displacement that motion platforms can offer are usually five or six orders of magnitude smaller than
those of real vehicles are. The same does not hold true for rotational motion, which may be, in some
cases, reproduced with a 1:1 scale. This leads to several problems for the design and tuning of the MCA.

Improvements in the vehicle controls can only be made by including a real vehicle with sensorized
controls, which is considerably expensive.

For the speedboat simulator case, the proposed setup #4 consists of:

• A computer. It should not be very different from the one in setup #3.
• Six projectors and three cylindrical reflective surfaces of similar sizes as the ones that are proposed in

setup #3.
• A 5.1 speaker system, to generate spatial sound.
• A 6-DOF Stewart-like motion platform, similar to the one shown in Figure 8. This represents a

full-motion setup.
• A real speedboat. This represent the most realistic setup in terms of the cockpit (see Figure 9, where

a real speedboat is used to build a simulator).
• A wind generator, as in setup #3.
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3. Cost Analysis

In this section, we present an analysis of the cost of building the four different setups. Rough
figures are provided, since prices can change and depend on the country. Therefore, absolute values are
not of the utmost importance. The important aspects are to study and compare the different solutions,
identify differences in terms of the order of magnitude, break down and relate the different costs of the
different setups, and be able to have a clearer picture of what it takes to choose between the different
levels of interaction and multimodal perceptual cues.

As a general rule, we can establish that the cost of a vehicle simulation can be expressed by the
following sum of terms:

C = CH + CS + CV + CA + CC + CM + CE (1)

where CH is the cost of the computer hardware to run the simulation, CS represents the cost of the
software, CV is the cost of the visual system’s hardware, CA represents the cost of the audio system’s
hardware, CC represents the cost of reproducing the vehicle controls, CM accounts for the cost of the
motion system (if any), and CE represents some other possible extra costs.

Different setups have different costs, although some elements can be shared and assumed to
remain constant. Let us denote the cost of each setup as Ci, with i varying between one and four.

Using (1), the cost of setup #1 can be approximated by:

C1 = CCHW + CSSW + CTV + CA2.1 + CGI (2)

where the terms in (1) have been broken down into the different actual elements of this setup: CCHW
represents the cost of the computer hosting the software modules needed to run the simulation (physics,
tasks, visualization, audio, etc.); CSSW represents the cost of these software modules; CTV is the cost of
the 50′ ′ TV screen; CA2.1 is the cost of a 2.1 sound system; and CGI represents the cost of a USB gaming
steering wheel.

Similarly, the cost of setup #2 can be approximated by:

C2 = CCHW + CSSW + CMSW + 2CPR + CFS + CBDC + CA2.1 + CPC + CFM + 2CDM (3)

where CMSW represents the cost of the motion cueing software, CPR represents the cost of a projector,
CFS is the cost of the white flat screen, CBDC is the cost of blending several images (additional hardware
can be used although this is usually solved with dedicated software), CPC is the cost of acquiring and
sensorizing the pilot’s controls, CFM represents a fixed cost for building a motion platform, and CDM
represents the cost of adding one DOF to the motion platform.

Changing the TV screen by two projectors should not affect CCHW , so we can use the same
computer hardware. Although the addition of motion cueing software would require some extra CPU
power, we can assume that it is not necessary to change this computer because the one chosen for
setup #1 should already be a powerful one.

The cost of the simulation software (CSSW) is assumed to be equal to the case of setup #1. Although
some extra software effort should be made to acquire data from the vehicle controls, this should not be
a great issue with respect to the similar process needed in setup #1, and it can be neglected. On the
contrary, the cost of the motion cueing software (CMSW) has been kept separate with respect to CSSW ,
because it usually takes a great deal of effort and is not included in all vehicle simulators.

The term [CFM + 2CDM] represents the cost of the 2-DOF motion generation hardware (CM). We
assume that there is a fixed cost for designing and building a motion platform, and that this cost raises
lineally with the number of DOF. Although this is an approximation, the most important costs of a
motion platform are the actuators and their control hardware (servo-controllers or variable frequency
drives). Usually, one actuator is required (plus its correspondent control hardware) per DOF. Thus, the
assumption should be rather approximate.
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The cost of setup #3 can be estimated by:

C3 = CCHW + CSSW + CMSW + 3[2CPR + CFS] + CBDC + CA5.1 + CPC + CFM + 3CDM + CHC + CWG (4)

where CA5.1 accounts for the cost of a 5.1 speaker system, CHC accounts for the cost of a motorized
heading compass, and CWG represents the cost of adding a wind generation system.

In this case, CCHW could be a little higher than in setup #2, since the graphics card should allow
the connection of six visual displays. Nevertheless, we assume that the original computer of setup #1
can handle this without assigning possible extra costs to CBDC. The cost of software can be maintained,
since using a 3-DOF motion platform instead of a 2-DOF, and three views instead of one, requires only
a small extra effort in terms of programming. Thus, neither CSSW nor CMSW need to be changed.

Regarding the visual system, we assume similar screens and projectors with respect to setup #2.
The same can be said for the vehicle controls and the fixed and relative costs of the motion platform
(CPC, CFM, CDM).

Finally, the cost of setup #4 can be estimated by:

C4 = CCHW + CSSW + CMSW + 3[2CPR + CCS] + CBDC + CA5.1 + CRB + CFM + 6CDM + CHC + CWG (5)

where CCS represents the cost of a cylindrical white screen section (of a similar size with respect to
the flat one) and CRB is the cost of acquiring a full boat and sensorizing its controls. The rest of the
costs are assumed to remain as in setup #3, although CBDC could be a little higher to include the
distortion correction for projecting in a non-flat surface. To simplify, this is neglected in this analysis,
since blending correction software usually includes warping and distortion correction.

Although many of these costs can vary, we can identify several critical points in this analysis. On
the one hand, except for setup #1, the quality and price of the visual system depends on the features
of the projectors. This is represented by CPR. On the other hand, the motion system’s performance
depends on the power of the actuators and the size of the motion platform’s hardware pieces. This
is represented by CDM. Powerful motors are expensive and may require expensive and specialized
control and hardware systems. For this reason, both figures (CDM and CPR) are estimated with ranges.
The rest of the elements can be estimated with single figures, as seen in Table 1. Values are in Euro (€)
and are estimated for the Euro area.

Table 1. Setups’ items and their approximate costs.

Item Description Approximated Cost (€)

CCHW Computer hardware needed to run the simulation 2000
CSSW Simulation software (except for motion cueing) 25,000
CMSW Motion cueing software 12,500
CTV 50′ ′ TV screen 500
CPR Projector [500–5000]
CFS White flat screen (2 × 3 m) 1000
CCS White cylindrical screen section (2 × 3 m) 2000

CBDC Blend and distortion correction system 500
CA2.1 2.1 speaker sound system 100
CA5.1 5.1 speaker sound system 300
CGI Steering wheel gaming interface 300
CPC Sensorized pilot’s controls 2000
CRB Real boat sensorized controls 6000
CFM Fixed cost for building a motion platform 4000
CDM Cost per DOF in a motion platform [2000–20,000]
CHC Motorized heading compass 500
CWG Wind generation system 300
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For the cost of software, six months of effort are assumed necessary to build the simulation
software, and three months to build the motion cueing software. Although the visualization of water
and floating objects is complex, development tools like Unity make this task easier than some years ago.
These figures represent the cost of a free navigation simulator, for skill learning, with no programmed
tasks. Simulation software that needs more complexity could be much more expensive. Applying a
salary of 50,000 € per year to a software engineer, the costs of CSSW and CMSW can be estimated as
25,000 € and 12,500 €. These figures are conservative since they assume that the simulator is not going
to be licensed more than one time. Therefore, this cost can be significantly decreased if more than one
instance of the simulator is built.

The total cost figures are shown in Tables 2–4 for setups #2, #3, and #4, respectively. They are
calculated applying Equations (3–5) with the values of Table 1. The cost of setup #1 is calculated with
(2) and it is 27,900 €. Figures 10 and 11 also represent the cost of the different setups, varying CDM
and CPR in the range depicted in the first and last columns and rows of Tables 2–4. They represent the
cheapest and most expensive configurations, varying with respect to the cost of CDM and CPR.

Table 2. Cost (€) analysis as a function of CDM and CPRSetup #2.

CPR

500 1625 2750 3875 5000

CDM

2000 52,100 54,350 56,600 58,850 61,100
6500 61,100 63,350 65,600 67,850 70,100

11,000 70,100 72,350 74,600 76,850 79,100
15,500 79,100 81,350 83,600 85,850 88,100
20,000 88,100 90,350 92,600 94,850 97,100

Table 3. Cost (€) analysis as a function of CDM and CPR—Setup #3.

CPR

500 1625 2750 3875 5000

CDM

2000 59,100 65,850 72,600 79,350 86,100
6500 72,600 79,350 86,100 92,850 99,600

11,000 86,100 92,850 99,600 106,350 113,100
15,500 99,600 106,350 113,100 119,850 126,600
20,000 113,100 119,850 126,600 133,350 140,100

Table 4. Cost (€) analysis as a function of CDM and CPR—Setup #4.

CPR

500 1625 2750 3875 5000

CDM

2000 72,100 78,850 85,600 92,350 99,100
6500 99,100 105,850 112,600 119,350 126,100

11,000 126,100 132,850 139,600 146,350 153,100
15,500 153,100 159,850 166,600 173,350 180,100
20,000 180,100 186,850 193,600 200,350 207,100
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4. Discussion

As it is shown, the cost of setup #1 can be considered constant, since it does not feature projectors
or a motion platform and it is easier to estimate. Its cost can almost be completely attributed to the
software. However, this setup is not fully suitable in terms of vehicle controls for this case study. One
of the reasons is that the throttle in a speedboat is not controlled by means of a pedal, as in a car. An
additional joystick can be added, but the interaction would not be natural, since a joystick is different
from the speedboat throttle. The use of a TV screen offers an affordable solution, but the amount of
immersion is reduced as extra-foveal visual information is lost, and consequently, the pilots do not
tend to truly believe that they are experiencing and alternative reality, which is key in Virtual Reality.

Setup #2 represents a significant improvement with respect to the first one, as it includes motion
and a bigger screen. Still, extra-foveal information is lost because of the lack of a truly immersive
display. Its cost can be several times higher than the first setup, especially if the motion platform is a
powerful one and projectors are expensive. Another major improvement is the addition of real vehicle
controls. This would be mandatory if the simulator needs to be used for skills training.
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Setup #3 represents a further improvement with respect to the second one. The use of three
screens does not raise the cost too much if the projectors are not very expensive, compared with the
cost of the motion system. Yet, it provides an immersive display. The addition of the heave DOF
is an important improvement that can payoff since adding DOFs is cheaper than changing from a
motionless to a motion-based system. The addition of the wind generation system and a compass is
relatively cheap and it would be very beneficial for the simulator.

Setup #4 represents the most advanced setup. However, it is considerably more expensive than
the third one. The use of a cylindrical screen raises the costs and the complexity of the simulator,
but the visual results are better, assuming similar projectors and screen technology with respect to
previous setups. On the contrary, the improvement achieved when three more DOF are added may
not payoff, since it significantly raises the cost, yet the surge and sway are barely noticeable in this
kind of vehicle [39]. Arguably, only the addition of yaw motion is of interest. Therefore, a 4-DOF
motion system would probably be more interesting in terms of cost-effectiveness, although a proper
motion-fidelity assessment needs to be performed to draw deep conclusions. For other vehicles, the
situation could be different. The addition of a real boat enhances the immersion sensation, but it
does not significantly change how the vehicle is controlled. In addition, it complicates the installation
and transport of the simulation system and adds some complexity to the system (creating projectors
occlusions, for instance) that, for some uses, could be unnecessary.

The total costs vary from 27,900 to 207,100 €, which is a very wide range. Most of this variation is
caused by the wide range of prices and features of motion platforms. Figure 11 is probably the most
interesting one, since the cost of projectors have smaller variations than motion platforms.

Taking into account that a real speedboat could cost less than 15,000 €, the simulator can be
significantly more expensive that the actual vehicle. However, fuel, port infrastructure (harbour slip,
electricity, cleaning, etc.), and some other costs, can actually make the simulator affordable. In addition,
the cost of software can be heavily reduced if several instances of the simulator are implemented and
deployed. Finally, yet importantly, the risk of driving a speedboat can be high, as the ocean can be a
risky place, and therefore, safety reasons could foster the viability of this kind of simulator.

Several improvements and alternatives can be proposed to solve some of the issues of these setups.
For instance, a common problem with the projector-screen solution is that illumination needs to be
properly controlled, since daylight and low-lumen projectors can degrade the solution. An alternative
is to use an HMD such as Oculus Rift, as in [42]. In addition, they provide stereoscopic vision. The
problem with this solution is that an HMD does not allow one to actually see the real cockpit and the
sensorized vehicle controls. In addition, fatigue or sickness usually appear sooner than with screens.
This could be a major drawback. Some other multimodal devices, such as smell [43], smoke, or water
spray, as in [44], can be included. However, the perceptual cues provided by these devices are not
essential, so they are often dispensable.

It is also important to clarify that this discussion does not consider the particular applications of the
simulator. Therefore, it is a general analysis that compares the economic implications of the proposed
multimodal setups, giving insights about the possible effectiveness, advantages, and disadvantages of
every option, while proposing a general scheme to achieve a successful vehicle simulation. Particular
considerations for each specific use of these setups could modify these conclusions.

Regarding the effectiveness of the proposed setups, this is something that highly depends on the
purpose of the simulator and the indicators/metrics chosen to measure this effectiveness. The main
problem with performance indicators for simulators is that meaningful measures are hard to achieve,
since subjective assessments mean that some of the questions that can be assessed are subjective,
such as the experience of the user, which presents large variations among groups of users, while
objective indicators of the effectiveness of a simulator greatly depend on the task and the design of the
indicator itself. Just the evaluation of the motion cues, for instance, is a matter of an intense scientific
debate [45,46]. This gives an idea of the complexity of the process.
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In addition, an array of combinations could be proposed, depending on what needs to be assessed.
Some simulators are assessed without performing self-motion generation. Some others require 6-DOF
systems to be qualified for regulated training [47], for instance. Others, need to use real controls.
Finally, some require a certain display system or a maximum delay of the visual and motion system
with respect to the vehicle inputs, etc. Therefore, a single general objective assessment process for
these setups cannot be provided and particular purpose-related assessments or effectiveness studies
are left for future work, since ours is a generic approach.

Similarly, the economic figures are provided as a way to compare the different solutions. Absolute
figures are not as important as relative values. What truly matters is to break down and relate the
different costs of a simulator and to observe the relative increase/decrease in the aggregate cost that
the different setups imply.

5. Conclusions and Future Work

Four different multimodal interactive setups for vehicle simulation have been proposed, analysed,
and discussed in terms of economic cost. This is an important issue that is sometimes overlooked in
scientific research. Rough figures are provided to give insights about the economic order of magnitude
necessary to design and build a vehicle simulator. Setup #1 has an approximate cost of 27,900 €, setup
#2 would be in a range between 52,100 and 97,100 €, setup #3 within 59,100 and 140,100 €, and setup
#4 would be in the 72,100–207,100 € range.

Although performance measurements should be completed to calculate objective
cost-effectiveness ratios, setup #3 seems to be the most interesting one in this regard. Setup
#4 may be too expensive, while setup #1 is too simple and setup #2 is much more expensive than
setup #1, yet is not highly immersive. In addition, it can be enhanced to setup #3 with a relatively
small increase of money. The study is applied to a speedboat vehicle simulator, but the proposed
methodology could be used for almost any vehicle simulator.

Future work includes building these four setups in order to perform objective measures to analyse
the compared benefit of each of the proposed setups, using the same task, physics, and pilots, and
choosing a metric that is in line with the goals that are decided for the particular use of the simulators.
The problem with these performance indicators is that meaningful measures are hard to achieve, since
objective indicators of the effectiveness of a simulator are highly dependent on the task and subjective
assessments present large variations among groups of users.

In addition, a 4-DOF motion system can be considered as the base of the motion cueing system.
It would be interesting to compare it to the 3-DOF and 6-DOF setups. Also, the use of HMD, which
has raised a lot of attention lately, can be investigated as a possible alternative for the visual system.
Finally, stereoscopic clues may also be studied and included in these multimodal interactive setups.
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