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Abstract. The lifecycle of a system is extended from its early conception to its retirement of service.
The lifespan of Unmanned Ground Vehicles (UGVS) can be expected to last over 50 years in the
defense market. In this context, the rising complexity of UGV systems imposes engineering steps
that would ensure both capabilities of the system and resilience to its future inclusion in a system-of-
system context. During its operational usage, the UGV is supposed to be maneuvered for specifically
designed purposes following user manual datasheet of the components off-the-shelf (COTS) that
were integrated. This paper exposes the public user datasheet relevance compared to the system en-
gineering requirements that are the artifacts of system design architecture. The use of connecting
COTS user manual to system requirements is discussed, all the more if the systems are to be re-used
in a system production line. This article is intended to explore system of system conception methods
for future robotized battlefield.

l. Introduction

Mobile robots are found in a wide spectrum of applications, such as farming, excavation, demining,
or military. There are categories of usage and size for ground robots. They are considered as complex
systems, because the cost of testing or simulating a significant amount of their behavior exceeds the
investment and time that could be spent on design. Therefore, methods and process for prototype
documentation is the key to manage its behavior. In this article, we consider the Unmanned Ground
Vehicle (UGV) basic functions are all-terrain navigation, heavy loads carrying, minimal maneuver-
ability while being piloted. In the defense domain, where we intend to include swarm of robots, the
UGV shall be robust, man walking fast, with the highest battery autonomy. Among others, we bench-
marked a robot off the shelf, as if it were a product in development in a fictional company. The
supposed expected performance for our system is presented in Table 1 System specification from
datasheet. It shows small-scale problems assessed in complex system engineering, and addresses a
test scenario that draws integration of a robot in system of system battlefield.

The system mission on the field will be referred to as “mule concept”, which includes remote piloting
a mule that would carry loads instead of the pilot in a predefined time at a predefined speed. The
degree of autonomy given to the mule is not at stake in this article. We will consider that the capability
of “carrying loads” has been exploited to describe the system requirements, and that this set of re-
quirements has been used to build the robot.

In this article, we place ourselves as buyers of such a UGV system. Making the acquisition of such a
robot represents an amount of money, and we describe a method to verify the systems expectations.



As described in (Stevens 2017), validation and verification (V&YV) time and costs are a gamble for
the company as well as the client. In this article, we explore how to use the V&V system engineering
documentation in other contexts: user manual description and next product specification reuse.

The goal of this article is to discuss the relation between requirements, system V&YV, system capa-
bilities and multi-objective optimization as mathematical foundation for systems engineering. Figure
1 System driven engineering flow shows a process proposition for system development that includes
optimization techniques. This foundation could lead to the creation of a method to shift from system
engineering process as described in (AFNOR 2015) to a digitally based process (Henderson et al.,
n.d.) that would directly generate the best suited methods and tool for the mule system design in our
fictional company.

| SDE methods

System

specifications
SDE tools
Optimization

System categories

Customized SDE method
adapted SDE tool

Figure 1 System driven engineering flow

Il. State of the Art

a. Requirements engineering

Requirement based engineering is the most popular practice for defense system engineering acquisi-
tions and architecture design (Huldt and Stenius 2019). The state of the art on requirement redaction
is consistent, and recent publications shows that the interest in “good” requirements expression ex-
ceeds the systems engineering domain.

As Model-based engineering (MBSE) practices progress in being associated to requirements (Bon-
net, Voirin, and Navas 2019) the definition of system in early design is improving as complexity
challenges rises. The return on investment of such practices (Duffy et al. 2021) has been identified.
The vision of INCOSE for 2025 (INCOSE 2015a) seems to be carried out. Furthermore, the vision
of the future (Voirin et al. 2020) extends MBSE to all models to implement the best systems in the
most reduced cost and delays is being profiled.

The profile of model specifications could be adapted to the system context and categorization
(Younse, Cameron, and Bradley 2021). It is a widely accepted prolongation to the SysML 1.3 success
in System engineering (Wolny et al. 2020), because it adds views and connections to the system
requirement expressions. The model aspects based on SysML does not express all required aspects
of system design, which makes it incomplete, such as cited in (Younse, Cameron, and Bradley 2021).
This is a motivation for acquirers to specify systems in architecture frameworks, and to dig deeper
on semantic approach (Duprez and Ernadote 2020) for system specification ambiguity reduction.

Publications on MBSE do not cover all expected transdisciplinary system behavior representations
(Watson et al. 2020): mechanical or electrical requirements are rather considered as Model-Driven



Engineering (MDE). If those are the modeled expression of expected behavior, MBSE fails to repre-
sent all transdisciplinary aspects of the system. Therefore, the performance of the system will remain
ambiguous until tests are performed in a real environment. The system scale compromises defined in
system engineering cannot be represented

To the best of our knowledge, none of these foretold systems engineering methods are the basis of
system user manual generation. On the opposite, the teaser of requirement-based methodology state
of the art is oriented in a top-down approach on the very early stages of system design. (Hahn et al.
2020) states that placing the ‘design phase’ above all considerations in order to gain time and/or costs
IS no guarantee of money efficiently spent. The article rather states the need for methods and tools
tailored to the expected outcome of the product. If whole system lifecycle, for instance 50 years, is
taken in consideration, focusing efforts in modeling and requirement expression might be more effi-
cient if it is used during all the lifespan of the system rather than until the system architecture is
conceived.

The application of requirements seldom includes the generation of end-user system datasheet. This
can be caused by the difference of model details required at the process stage: the user manual ex-
poses details of finite usage of the system, whereas the concept elaboration requires high level infor-
mation. The mix of model granularity and fineness blurs decision making. The problem of multiple
level of models that work together is addressed in Digital Twin usage questions such as in (Bachelor
et al. 2020), but no information can be found on how to mix them.

To conclude, system specifications is used to engineer the systems. User manual is written to make
the best usage of the system. Yet, the effort to ensure maintenance and usability seems to be redun-
dant with the effort to specify the system, especially during its integration phase. Since we have not
found publications that would imply this, we expose a method that establishes a connection between
requirements and datasheet to avoid redundancy. This two-ways connection could simultaneously
improve the next-in-line product while reducing the costs and delays of engineering in comparison
to its predecessor. The effect of our proposition will also be beneficial to the end-users, because
system capabilities description as requirements should be used to generate user manuals.

b. Experienced feedback on MBSE and IVV of complex
systems to check the COTS engineering quality

The engineering process that has resulted in the creation of the COTS is easily identifiable from the
behavior of the system. If the supplier has executed system engineering to design the COTS for the
system, then the system passed a V&V qualification procedure. The testing environment that resulted
in the system performance claims would be easy to reproduce. The method applied in this article is
exposed in that way: what if the acquirer of the UGV COTS were to verify the system capabilities?

The set-based vision of verification strategies (Xu and Salado 2019) would be of help in passing the
tests, but we would want to keep close to real-life situations where the scenario for our mule concept
is too simple to afford long considerations before use. Furthermore, the changes in process and com-
pany organization to make this set-based vision a reality leaves the last call decisions to business
investment. As resumed in (Huldt and Stenius 2019), a lack of knowledge to integrate a model-based
approach with current business processes is one of four arguments that prevent the development of
MBSE. If the views are not provided, the common business/engineering vision cannot be built. In-
vestment in “best effort” often prevails.

There are also publications measuring the benefits of the MBSE approach in managing the complex-
ity of a robotic space system (Younse, Cameron, and Bradley 2021). But it makes no mention on
how to re-use the specifications and how to organize all verifications that cannot be represented in
SysML 1.3-like languages, such as measuring the tension of the battery in relation with the complete
vehicle system. The multi-disciplinary requirements that should be the basis of system scale V&V



cannot be represented in one model, and the best suited method and tools options for Software de-
velopment objectives cannot be the best compromise on a multi-objective point of view.

The absence of formal expressions, methods or process associated to the language, as well as to poor
investment in early stages of requirement specification (INCOSE 2015b) is proven to be a plausible
cause of ambiguities in engineering (Duprez and Ernadote 2020). But there is no practical mention
on how to enhance the existing process while reducing engineering costs and time in engineering.
Furthermore, the mention of a model that would measure system outcome linked with investment in
testing methods and tools for all physical performances is not discussed. Furthermore, the client sat-
isfaction depends on how well the announced performances are met as described in datasheet. To the
best of our knowledge, there are no recent research that would combine the user manual descriptions
and qualification datasheet, contractors trust and risk management. This research question was raised
in (Stevens 2017) but not exploited yet from a sub-system contractor point of view.

c. Theoretical proposition: optimization process

The state of the art in multidisciplinary and multi objective optimization is also consistent. The men-
tion of a need for a semantic extension to MBSE (Wach and Salado 2020), is still an issue to cover
specific system categories and requirements and there are no quantified application feedback of those
methods. (Pate, Gray, and German 2014) presents graphical representations of non-dominated com-
promises in a system design evaluation. Optimization offers a consistent model for multidisciplinary
approach. But it contains no link to a specific system goals or category in particular. We have chosen
to use anonymized datasheet on the specifications used as our usage profile for the UGV system in
order to organize the tests sets the optimization objectives as systems engineering process, tools and
methods selection guide, depending on equation:

(Q(x) » max, R(x) - min, T(x) > min) (GOAL 1)

The engineering flow proposed is selected by computer assisted search in which illustrated in Figure
1. It proposes system-driven engineering, based on four pillars: specifications, system categories,
method, tool. All pillars are linked with optimization through a common language: a combination of
models that are either objectives or constraints. Its main advantage is the focus on the multi-discipli-
nary decisions that can be made, evaluating simultaneously the best process options for system de-
velopment, and at the same time sketching the expected resulting system architecture. Detailed design
costs are anticipated in that way. Figure 1 illustrates a proposition of method that would implement
SDE. Instead of standard system specification and validation with a “V” or “W” cycle, the represen-
tation focuses on the revision of specification (functional and non-functional), functional architec-
ture, component modeling, physical architecture followed by multi-objective optimization in order
to pick the most valuable information from the previous specifications. In this article, Quality maxi-
mization is at glance. It is called Method-Tools-System Engineering Problem (MTS-EP). It states Q

as a function depending on system specifications and category. Let x € S be a system design possi-
bility. The MTS-EP problem can be formulated as:

Q(x) » maxsubject to g(x) < 0 and h(x) = 0 (MTS-EP 1)

The goal for Q maximization is therefore to find the x € S combinations that achieve the system

defined objectives subject to constraints. The detail of the mathematical model is related to the in-
vestment and time input to the system concept elaboration. This problem alone is NP-Hard based on
Knapsack problem. Functions g and h in (MTS-EP 1) are the mathematical expression of constraints
of the problem, issued from specification, system category, and company’s system experience from
past projects. The flow in Figure 2 matches the representations for adoption of MBSE Methodology
sketched in (Wu et al. 2019), and adds a constraint that is not underlined in Wu’s publications, which
is the end of the process, when allowed budget or schedule for system conception ends. This is an



application of the principles of (Wheaton and Madni 2018) on UGV system category: the identifica-
tion of a Pareto Front where the system scale budget and schedule constraints the concept choices.
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Figure 2 : System specification flow proposition inspired of (Wu et al. 2019)

In this article, x is instantiated by the UGV as it was designed and integrated. We want to put the
UGV to a test and evaluate its Quality as a mule system, and evaluate the quality of its specification.
If the system concepts definition quality is seen as an optimization problem, we could evaluate the
performance of the acquired system with respect the specification, and at the same time make prop-
ositions that would simultaneously increase quality of the system and reduce method and tools in-
vestment to an acceptable compromise. The expected outcome of our System Specification Flow
Proposition SSFP can be measured in the next product that inherits of lessons learned from the pre-
vious solution. If system definition ambiguities can hardly be measured, its decrease can be meas-
ured. The adoption of our method can result in mastering of current expenses on concept exploration,
direct generation of user manual automatically generated from the validation datasheet, maybe even
obsolescence management, following (Morgan, Holzer, and Eveleigh 2021) adding multi physical
dimensions to their claims.

d. A mobile robot: UGV system instance description

Our instance is an all-terrain unmanned ground vehicle (UGV) for rapid prototyping and research
applications and a robotic development platform. The capabilities of UGV can be expanded by mul-
tiple accessories such as a LIDAR, a GPS, a Camera and an IMU. It can be used in the perception,
navigation, manipulation and teleoperation and it is fully supported by ROS (Robot Operating Sys-
tem). Figure 3 shows UGVi views through different angles. The choice of the UGV instance (UGVi)
is motivated by its popularity, modularity and availability. Its hull design is supposed to host a load
plate, a radar, a camera, a radio command. All mountable equipment components off-the-shelf COTS
are not equipped in our system, because the mule concept scenario does not include all features avail-
able. We do not exploit all possibilities.

Figure 3 Different views of the UGV instance



UGVi is a satisfying example for mule concept because the datasheet in Table 1 offers a 50kg payload
UGV. Our integrated human-augmented future battle field required mules that would follow humans
to help them carrying loads. It is also popular and has been the subject of publications for years in
specific fields such as SLAM integration techniques, UGV positioning and vision/static and dynamic
exploration, mixing optimization and further needs for UGVs, UGVi manipulations, specific objec-
tives that can be stated for the UGVi in a software point of view. But the state of the art does not
present multi physical propositions for UGVi usage modeling, nor its V&YV process while being in-
cluded in a wider system of system. Yet mono-disciplinary optimizations on the UGVi can be ques-
tionable regarding the expected multi-disciplinary use of the robot.

These aspects could be treated using the methodology depicted in Figure 2, giving multidisciplinary
dimensions to cited applications of MBSE. Theoretically, the more precise and reliable COTS spec-
ifications are, the more chances system of system capabilities can be realized in acceptable costs and
delays. The replacement of datasheet with specifications, all the more augmented by MBSE and op-
timization models to elicit the link between specifications and project costs and delays would lead to
system of system simulation for early validation. This article depicts a practical experimentation to
observe that theory in practice: if the datasheet proves to be incomplete and/or inconsistent, system
of system modeling and simulation will not be available before buying 20 k€ robots and spending
hours of time to describe its behavior.

lll. Datasheet presentation

a. Datasheet as requirements
Table 1 System specifications from datasheet

990 mm length 39 in length
Dimensions 670 mm width  [26.4 in width
1 390 mm height 14.6 in height
Track 555 mm 21.9in
2 |Wheelbase 512 mm 20.2 in
3 |Weight 50 kg 110 Ibs
4 Maximum Payload* 75 kg 165 Ibs
\All-terrain payload? 20 kg 44 Ibs
5 |Speed (max) 1.0 m/s 3.3 ft/s
Ground clearance  [130mm 5in
6
Climb grade 45° 100% slope
7 Traversal grade 130° 158% slope
Operating Ambient
10 to 30° C 14 to 86° F
8
[Temperature
L 13 hours typical
9 |Operating time .
8 hours standby (no motion)
. 24V 20Ah
atter
10 y Sealed Lead Acid
Short-circuit, over-current, over-volt-
11 Battery charger age and reverse voltage protection
12 [Charge time 10 hours
5V / 12V / 24V
13 User Power
Each fused at 5A
o RS-232
14 Communication
115200 Baud




15 [Wheel Encoders 78,000 ticks/m
Battery status

16 |Internal Sensing Wheel odometry

Motor currents

For the experimentation, we have chosen to exploit only four of the presented specification: numbers
4,5, 7 and 9. It is an experimentation field that we figured sufficient to address optimization quality
model problem on practical view, because it presents contradictory requirements that induce concept
dimensioning choices, while being easy to measure and to confirm. The battery autonomy will be
highlighted as a substantial multi physical compromise. If the Operating time defined in #9 is typi-
cally 3 hours, in which conditions can it be expected to reach this performance? If the laws of physics
apply, the more load the mule is carrying, the more energy will be consumed. What is “typical”
referring to? The experimentations in place all refer to the battery extinction.

For example, it is mentioned that the operating time was about 3 hours, but it was not explained on
which type of ground, the supplied energy, with how much Payload and with which speed, and if it
were compatible with slope climbing. Furthermore, if the UGVi was optimized for requirement #9,
we imagine it would be so in all cases explained in requirement #4, supposedly on all grounds with
maximum payload.

On the other hand, it is expected not to outreach the expected performance, otherwise it would mean
that the system is overqualified for some features. A perfect match between datasheet and real per-
formance is at stake.

This selection of focus on four requirement exploitation, however arbitrary, covers all questions
raised in the theoretical problem (MTS-EP 1). It addresses multi physical capabilities of the system
with respect to its expected usage.

b. Maintaining the integrity of the specifications

The Mule concept is designed to follow human pilot, while carrying his supplies for 3h at man walk-
ing speed (5km/h). We have observed previously that connection between the remote control and the
robot starts to fail when the battery capacity lowers. If the tension falls, the electronical devices that
controls the connection will observe a disconnection. The witness of the robot indicating the battery
levels do not indicate the voltage threshold that makes the communication fail. In order to measure
the decaying power, we plugged a voltmeter to our experiment, which we found not intrusive.

Our system specifications at glance are the following:

Requirement (mis- Test method
sion)

001  Maximum Pay- The system shall carry Test pass if the battery runs out in more than
load various 50kg load following an 3h with load = 50kg on various grounds (tar-
ground 3h mission on campus. mac and dry grass)

002  All-terrain pay- The system shall carry Test pass if the battery runs out in more than

load dry grass 20kg load following a 3h  3h on grass with load = 20kg
mission on dry grass.



003  All-terrain pay- The system shall carry Test pass if the battery runs out in more than
load gravel soil 20kg load following a 3h  3h on gravel soil with load = 20kg

mission on gravel soil.

004  All-terrain pay- The system shall carry Test pass if the battery runs out in more than
load tarmac 20kg load following a 3h  3h on tarmac with load = 20kg

mission on tarmac.

005  Speed (max) on The system shall main- Test pass if the speed is measured to be > 1
flat tarmac tain a 1m/s speed when m/s with 20kg Load on average on 10 m

following the mission on
tarmac.

006  Climb The system shall climb Test pass if the robot climbs 5.5° and 25° on
grade on vari- 45° slope carrying 50kg tarmac, and if it climbs 18.5°, 22°, 24° with
ous grounds load when following the  load = 50kg

mission in the campus.
007  Climb teston  The system shall climb Test pass if the robot climbs 35° slope with

dry grass

45° slope carrying 20kg
load when following
mission in the campus.

load =20 kg on dry grass.

Note that our use case scenario was executed at the maximum speed the robot could reach, which is
3.6 km/h. It is far from our objective of 5 km/h.

IV. Tests and benchmarking

We were inspired by the frameworks for vehicle tests: vibration, slope Military standard procedures
with adapted requirements. We have focused on battery level measurement to follow, inspired by
(Dogru and Marquez 2018). In this section, we will test the autonomy and energy specifications, the
speed specification, as well as the climb capacities.

a. Measurements methods and means
In order to carry out these tests, we used some measuring instrument:

e Distance ruler precision £0:5mm.
e iPhone telephone timer to calculate the duration £0:05s
e Voltmeter at the entry of the battery precision £0:05V

b. Energy tests
i. TEST 001: Energy test, 50kg load on various ground



The environmental conditions, the nature of the soil and
the payload have the biggest impact on the robot mobil-
ity. This has motivated us to test the 3 hours battery spec-
ification of requirement n°9 in Table 1 with 50kg payload

and various ground nature as “best effort”.

e Test stop condition: Battery running out.
e Environmental conditions presented in ta-

ble Il

Observations: test fail

1) After 1h30 of operation, we started to lose the commu-

Temperature 17°

Humidity 52%
Precipitation 0%

Wind 23 km/h
Weather Cloudy weather
Load 50 kg

Lidar, Gps, calculator, Wifi,
camera

Powered components

Type of soil  |Duration

Flat Ground Tarmac 1h15

Wet grass 1h

Table 2 Test log on various
grounds, 50kg load

nication with the robot (about 12 times in 30 min)

2) After 2h15 of operation, we totally lost communication. The autonomy requirement has not
been met in our conditions.

Since our first test was unsuccessful, we planned to be more specific with the ground nature and load,
and to report the behavior of the power system. The system will be loaded with 20kg in the next tests.
The ambiguity of table 1 requirements will be resolved with our next tests.

ii. TEST 002: Energy test, 20kg load on grass

— test stop condition: battery running out

— Test results in table 3

Figure 4 Dry grass test environment

Starting time Ending time
Time 13h45 16h30
Temperature 26° 27°
Humidity 42% 39%
Precipitation 0 0
Wind 7.2 km/h 7.2 km/h
Weather Sunny weather Sunny weather
Voltage 27.55V 24.05V
Load 20 kg
Powered components Lidar, Gps, calculator, Wifi, camera

Type of soil Duration
Flat Ground
Dry grass 2h45

Table 3 Test log energy on grass, 20kg load

Observations: test fail

1) After 1h55 of operation, we started to lose communication with the robot (about 8 times in 50
min), we measured the voltage at each communication loss, and we presented the values in the
following table 4:

2) After 2h45 of operation, we have totally lost the communication. The 3 hours have not been

reached.

3) We noticed that the communication with the robot depends on the Wi-Fi, but the minimum voltage
and current required for normal operation of the Wi-Fi are 24VDC and 0.3A, this can explain the
total loss of communication in this test and which occurred when the voltage was 24.05V.



Table 4 Voltage measurements 4)

The site chosen for this experiment is a dry grass, which is rel-
atively flat, without tall grass, and therefore the robot can move forward

without wasting much energy to submerge the grass, and there is not up

or down process during the operation.

5) Compared to test b.i.,, the battery autonomy was extended by 30

minutes in similar conditions. This is a clue to the impact of the load on the

system autonmy

6) from 16h20, i.e., in the last ten minutes of the experiment, even if the

test grass, 20kg

Time Voltage
15h40 2453V
15h57 24.45V
16h09 24.27V
16h16 24.16V
16h20 24.12V
16h24 24.09V
16h27 24.05V
16h30 24.05V

robot is controlled to go straight ahead, it cannot drive straight ahead (when

controlled to go straight ahead, its trajectory is affected
iii. TEST 004: Energy test, 20kg load on tarmac

— Test stop condition: Battery running out or loss of communication.

— Testresults in table 5

Observations: test successful

Starting time Ending time

Time 14h20 17h55

Temperature 26° 27°

Humidity 45% 46%

Precipitation 0 0

Wind 10.8 km/h 10.8 km/h

Weather Sunny weather Sunny weather

Voltage 27.47V 23.79V

Load 20 kg

Powered components Lidar, Gps, calculator, Wifi, camera

. . Type of soil Duration

Figure 5 UGVi on tarmac Flat Ground Tarmac 3h35

Table 5 Test log energy on tarmac, 20kg load

1) Compared to test ii, the battery life was extended
by another 50 minutes this time. This could indicate an influence of the ground nature on the battery

autonomy.

2) After 3h35 of operation, we totally lost communication, but before that, we did not lose it. How-
ever, during the last almost 20 minutes of the experiment, the response speed of the robot to various
operations degraded, and the rotation speed was significantly reduced.

3) We chose a flat tarmac. Compared to grass test b.ii., the tarmac has fewer gullies, so the robot has
fewer bumps when moving forward. As a result, the power consumption was slower, and the com-
munication system had less “chattering” because the direct current was not drawn to make punctual
efforts to pass gullies.

iv. TEST 003: Energy tests, 20kg load on gravel soil

— Test stop condition: Battery running out or loss of communication.

— Test results in table 6:

Starting time Ending time
Time 14h20 17h10
Temperature Tz e Table 6 Test log energy on grass, 20kg load
Humidity 45% 45%
Precipitation 0 0




Wind 10.8 km/h 10.8 km/h
Weather Sunny weather Sunny weather
Voltage 27.47V 23.92v

Load 20 kg

Powered components

Lidar, Gps, calculator, Wifi, camera

Flat Ground

Type of soil Duration

Dry soil with gravel 2h50

Figure 6 Gravel soil illustration

Observations: test fail

1) After 1h45 of operation, we started to lose the communication with the robot (about 7 times
in 45 min), we measured the voltage at each communication loss, and we presented the values
in the following table.

Time Voltage

16135 2436V 2) After 2h40 of operation, we have totally lost the communication.

16h49 24.28V

16h58 24.15V

3) There is a lot of coarse gravel on the ground, which can increase the

17h03 24.06V

friction when the robot moves, and make the progress of the robot very

17h06 23.99V

bumpy, where the bumps are much bigger than on tarmac and on dry

17h08 23.95V grass.

17h10 23.92V

3)Due to these gravels, the rotation speed of the robot decreased signifi-

Table 7 Voltage during test b.iv. cantly, the rotation became very difficult and bumpy.

4)Although the experiment lasted 2 hours and 50 minutes in total, at the

beginning it took us about 40 minutes to bring the robot to the test site, which is the ground
with gravel. During these 40 minutes, the robot was moving on tarmac. In comparison with
test b.iii, we assume that 40 minutes on tarmac could only improve the performance on our
test on gravel.

5) This test should be run again in order to know if the performance on gravel is better than grass
or not. But the fact that the test was still unsuccessful even with 40 minutes on tarmac and
extra care on that day proves our point for this article: the requirement on “3h typical” was
not met in those conditions.

c. TEST 005: Load and speed tests

The maximum speed of the robot supposed to be equal to 1 m/s (as indicated on the Datasheet), So
we did a speed test with 20kg load on Tarmac to put to test requirement n°5 from table 1.

Table 8 Test log combining Observations: test fail

load and speed on tarmac

1) The robot covered 9.57m in 9.90s (on average) (for 5 trials:

10.00s, 9.98s, 9.78s, 9.71s, 10.02s) on tarmac. speed= 0.967 m/s.

25°C ) .
Tem’f:_'at”'e % 2) The robot covered 17.94m in 18.47s (on average) (for 5 trials:
:“"‘,' ,':Vt, - 18.55s, 18.45s, 18.26s, 18.62s, 18.46s) on tarmac. speed= 0.971
recipitation °
m/s.
; 11 km/h i i
Wind - 3) We used the lines perpendicular to the edge of the road as the
Weather Sunny weather . X . i
starting line and the ending point, but they are not completely ver-
Load 20 kg : . .
= tical, so the robot was tilted when it moves forward, so the actual
Flat ground armac

walking route is greater than the distance between the lines that we



measured. Therefore, the measured speed is less than the actual speed at that time. If the robot
tilts as it moves forward, the further it moves, the larger the distance measurement error and
the larger the speed measurement error. At the end of the experiment, we found that if the
side of the robot is aligned with the edge of the road at the beginning, the robot can better
avoid tilting.

For accuracy, we have +/-0.5 mm at 1 m for the tape measure that was used to measure the distance
and the error of the iPhone timer was +/-0.05s. However, we believe that the main source of error in
the timing of the experiment is human reaction time. The coordination of the start timing, the reaction
time when crossing the finish line, these errors will be greater than the instrument error and will
depend on the timekeeper. This introduces a bias in the validation team that would motivate automatic
simulation in later testing process.

d. TEST 006: Climbing tests

The maximum climb grade of the robot supposed to be 45° as indicated on the requirement n°7, so
we did a climb test on wet soil, with minimal payload. Figure 7 represents the conditions:

Temperature 12°
Humidity 72%
Precipitation 10%
Wind 24 km/h
Weather Cloudy weather
Load 20 kg
Figure 7 UGVi climbing test 35° slope on Wet | powered components  Lidar, Gps, calculator, Wifi, camera
grass Sloping Ground Type of soil Slope angle
Observations: test fail Wet soil 34.5°

1) We tested the robot on a 35° slope on wet soil: the i °
robot failed to climb it. It climbed about one meter up Table 9 Test log climbing 34.5° slope, 20kg load

the slope then it started to diverge to the right and started to tumble down the slope. as seen in figure 7 The
requirement was not met in our conditions.

e. TEST 007: Stress tests

Temperature 12 The robot is supposed to climb 30° slopes with
Humidity /2% 20kg load, so we did a stress test with 50kg load
Precipitation 10% on different slopes. This exceeds the all-terrain
Wind 24 km/h recommended payload in requirement n°4. Fig-
Weather Cloudy weather ure 8 represent the Tarmac test conditions; and
Load PO ke figure 8 to 12 represent the wet grass tests con-
Type of soil Slope angle ditions.
Sloping Ground Tarmac 5.5°, 25°
Wet grass 18.5°, 22°, 24°

Table 10 Test log stress slopes, 50kg load

L T iy

Figure 9 UGVi on tarmac 25° slope
Figure 8 UGVi on tarmac 5.5° slope



Figure 11 UGVi on grass

18.5° slope Figure 12 UGVi on grass

Figure 10 UGVi on grass
22° slope 24° slope

Observations: test pass

1) We tested the robot on two slopes less than 20 °, the first one is about 5.5° on tarmac and the
other one is about 18.5 ° on wet grass:

2) We tested the robot on three slopes less than 30°, two slopes on wet grass of 22 ° and 24 °,
and a 25 ° slope on tarmac.

This indicates that on some requirements, the UGVi performs better than expected. This indicates
that for this purpose only, the specification is not efficient, because these performances were never
clearly specified.

V. Discussion

The V&V on our UGVi demonstrated that the datasheet furnished no insight/hint to system usage,
and that the UGVi system was not fit for our Mule capability. Moreover, since almost no datasheet
performance was met, we could not determine whether the system is intended for our purpose or not.
At this point, we would have preferred to read the initial requirements, which are meant to express
the system functions. Last, if the system were picked from a set of non-dominated optima solution to
(MTS-EP), there would be a perfect match between the original intended capability of the system
and its performance. The following actions could be set: lower the buyer’s expectations, which could
lead to the end of business, improve the datasheet, and improve the system performance toward some
chosen capabilities.

We have introduced a loop that ensures the increase of company knowledge, and at the same times
links directly the system requirements to its intended use cases and user documentation. Failing all
tests on UGVi performance gives enough reasons to invest in a method that would benefit both user
manual descriptions and correlation between system and its intended capabilities. The inclusion of
MBSE in the process of capability description would decrease ambiguities on the intentions of the
builder in the requirements and in the user manual. Our process can also include physical models at
the highest level of conception. The complete optimized System-driven engineering architecture con-
ception flow will definitely include some re-engineering to transform the UGVi into an optimized
mule system. This involves re writing the system specifications and re-designing it in the first step,
and then propose a re-design in those objectives that would fit the objectives better. The solutions
could be explored with simulation rather than real-life V&V, in order to reduce the costs of re-design.
The test logs could be smartly combined in order to improve the next specifications for future product
developments.

We have considered “mule concept” as the systems expected capabilities. There were no declared
capabilities on the UGVi design details. There is no proof that the UGVi was designed as a “mule
concept” more than other purpose. The concept architecture capabilities have never been exposed by
the builder. This could be improved with more visibility on the system capabilities by the builder,



using for instance the operational views in domain specific architecture frameworks and/or detailed
representations of the system instance in model-based design or MBSE.

The SSFP design flow described is a proposition that matches requirement improvements, V&V
practice and user manual redaction challenges. It introduces a method that enhances the quality of
the system V&V context, shares the best-known intended performances of the system, and generates
automatically the user manual datasheet. Furthermore, the SSFP flow introduces a re-engineering
method that would continuously improve engineering specifications while mastering products engi-
neering costs and delays over the concept and maintenance phase of the system lifecycle. This could
smoothly replace the “best effort” system engineering by a promising optimized system driven engi-
neering. Further research shall focus on quantification of the gains using such a method UGV-
category product development.

The correlation between the objective expression will be subject of other publications, and will bring
insight to the complete GOAL equation rather than only the “MTS-EP”. If our proposition could help
enhancing Quality of the system, the outcome on resource and time of design are considered “best
effort”. Further publications will fill the other goals of (GOAL) introduced in the state of the art.

For defense system definition, robots on battlefield will follow the military standards given by ISO
and STANAG, which will advise contract managers on how V&YV for system behavior on battlefield
will be considered (Michelson 2021). Therefore, the COTS which cannot prove to be compliant with
the standards will be excluded from defense contracts because it will be impossible to integrate them
in the larger system of system capability forecast.

VI. Conclusions

Datasheet are not adequate to reflect the properties of a system, but can be replaced by system engi-
neering specifications which improve accuracy of subsystem behavior description. The lack of com-
pleteness and ambiguity carried out by the very structure of a usual datasheet ends up with cumulative
ambiguity and over-testing with no guarantee of results for end systems. Should datasheet be banned
in favor of systematic requirement engineering files or documents requires that all suppliers of com-
ponents and subsystems are trained and master system engineering process.

On the opposite, datasheet easily reveal the lack of knowledge in system engineering and requirement
engineering. Therefore, companies have three options: (a) stick to the usual “reliable” supplier with
no investment in writing the “should-be” requirements and avoid evolving equipment (b) stick to the
usual “reliable” supplier with consistent investment in writing the “should-be” requirements and pay
for the component evolutions (c) impose systems engineering exchange protocols. Some industries
such as the semiconductor and the embedded system industry are not familiar with system engineer-
ing and make extensive use of component and subsystem datasheet. If the aim is to lay out seamless
system engineering flow down to physical architecture and up to V&V, there is a major overhaul to
be conducted.

In our multi-physical UGVi example, system tests failed: technical validation was not reached. If the
system was sold to a client, none of the claimed capabilities could be covered as proved in our bench-
marking. The only objective that was reached was not even specified, therefore would have generated
no outcome. The experiment presented here illustrates the necessity of introducing environmental
conditions and objectives to technical specification. It also indicates that the original requirement
artifacts for the system would do a better job at describing the expected performance of the system,
especially if it is enhanced by architecture frameworks and MBSE concept design, which are the
trends to seek completeness and unambiguous system description.
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