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Abstract: Base stability for a wheeled robot while driving over rough terrain is a challenging issue.
This paper proposes a novel base-stability control framework, consisting of an AVIC (adaptive
variable-impedance control), AVIC-based tracking controller, and a THV (terrain height variation)
and AC (attitude control) AC-based controller to stabilize the base on rough terrain. The AVIC-based
controller aims to track the desired trajectory of the robot base while suppressing lumped disturbance,
including system uncertainties in the internal dynamics and unknown external disturbance. The
THV-based controller is utilized as a feedforward controller to improve posture tracking performance
in order to achieve a horizontal posture. The AC-based controller is employed to maintain the
horizontal posture of the base. The effectiveness and robustness of the proposed controllers are
validated by a series of numerical trials, and the results are evaluated.

Keywords: stability control; terrain sensing; novel wheeled robotic system; rough terrain

1. Introduction

Maintaining a stable base while a rover drives over rough terrain is an underlying
requirement in many real-world applications [1-4], such as payload delivery and disaster
rescue to avoid payload damage. However, the rover can easily lose stability, since it
does not have an active stabilization system to compensate for disturbances from rough
terrain [5]. It realistically cannot fulfil many real-life application tasks due to the lack of
stabilization of the objectives. Therefore, suppressing disturbances and holding a horizontal,
stable position are of great importance for the rover to operate a carrying task stably [6,7].

Many study attempts have been made to stabilize the base by utilizing control methods
to hold a horizontal pose [8-10]. Grand [11] proposed the posture-decoupling control
method to handle disturbances from the terrain during robot motion, and treat the legs
as an active suspension system to adapt to terrain fluctuations, thereby ensuring the
stability of the body. Similarly, Besseron [12] utilized a decoupling control method based
on kinematics to maintain the stability of the robot in the process of movement. The
posture of the body is adjusted by PD through the rotating joints installed on the body [13].
The literature combines PI control and compensation control to control the posture of
the wheelchair chassis, and this control method also improves the wheelchair’s obstacle-
crossing ability [14]. The work [15] calculates the current robot-leg-position control by
comparing the angle of change between the current posture and the expected posture, and
combining it with the distance from the landing point, in order to achieve stable control of
the robot body during wheeled motion. Lim et al. [16] designed a two-wheeled humanoid
robot, DRC-HUBO+, which needs to change its configuration when switching from walking
mode to wheeled mode. When in wheeled locomotion, the robot is in a kneeling position
with a lower center of gravity and a larger area of supporting polygons than in walking
mode, thereby improving the stability of the body. Gronowicz et al. [17] presented a novel
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solution of a wheel-legged robot equipped with a specially designed limb kinematic system;
moreover, an idea of the posture-control system design was sketched and selected results of
the tests conducted on the robot prototype were reported. The experimental results showed
that the robot has two motion modes of gait driving and wheel driving. Grand et al. [18]
proposed a general kinematic model with decoupling of the posture control and trajectory
tracking. The model was applied to motion control and the experiment showed the ability
of the control algorithm to maintain a certain posture with a small error on pitch-and-roll
angles when revolving on an unknown irregular terrain. Ni et al. [19] proposed a posture
control framework for a wheel-legged robot to adapt to the uncertainty of parameters with
good posture-control performance and low-parameter sensitivity. Jiang et al. [20] provided
a passively-actively transformable wheel-legged robot that can traverse on unstructured
terrain, and the simulation results showed that the posture of the robot was well controlled.
With the two linear actuators far away from the joints, the carrying capacity and posture-
control stability are enhanced. However, the above works are kinematics-based efforts,
which demonstrate a lack of consideration for dynamics-based control. Only focusing on
the kinematics effort, one is likely to ignore the dynamics action, including inertia, so that
the robot has difficulty stabilizing.

Making dynamics-based efforts is also an effective way to maintain the stable
base [21-23]. As seen in the work [24], an automatic-balance control algorithm is proposed,
which optimizes the ground forces acting on the excavators to achieve the smooth operation
of the body while moving on uneven terrain. Reference [25] adjusted the center of mass
of the robot by modifying the ground forces on each leg, thereby improving its motion
stability and obstacle-crossing ability. Du [26] proposed an overall dynamic-motion method
to set the desired motion trajectory and to obtain the angular acceleration produced by
each wheel and the torque-control measurement of each driving joint through the inverse
dynamic solution, so as to realize the stable driving control of the robot. Hyon [27] devised
a stable attitude-control method to perform dynamic control on the hydraulic-driven robot
body as a whole and to optimize joint torque distribution. Literature [28] used a state
observer with a gyroscope and inclinometer to estimate the roll angle and pitch angle of
the robot, and formulated the target contact force of each wheel according to the posture
and speed of the body to achieve active-contact force control of the foot by manipulating
joint torque. Reid et al. [29] established a velocity kinematics model for the quadrupedal
robot and introduced ground-contact constraints to solve the active compliance problem of
maintaining a stable posture when the robot traverses unstructured terrain. This algorithm
uses RGB-D sensors to generate a terrain point cloud in front of the robot, and from
this, identifying the contact position of the wheels and solving the limb-joint angle. In
order to accurately detect terrain, the robot can only advance at a speed of 7.5 cm per
second. Literature [30] designed an overall motion-planning and control framework for a
quadrupedal robot. This framework closely combined the additional degrees of freedom
brought by the wheels. It constantly updated the reference track using the zero-torque
point idea, which can optimize the position, speed, and contact force of the wheels, and
facilitate the quadrupedal robot’s function of quickly sliding forward with the help of the
wheels while walking across obstacles with its leg. However, these works focus on the force
distribution from the base to the attainment of force equilibrium in real time. However, this
is a static equilibrium for dynamic movement, in which instability can easily occur.

To address these problems, a base-stability-control framework is proposed for a novel
wheeled robotic system, to stabilize the base while driving over rough terrain. The proposed
framework allows the robot’s base to track the desired force by utilizing the AVIC, as well
as to hold a horizontal base’s posture by rendering the terrain sensing information as a
feedforward control. These methods can effectively suppress the disturbances and stabilize
the base by the proposed control framework by both tracking the desired force and keeping
the base’s posture, which is different from the current work focusing on the point of view.
The main contributions of this paper are summarized as follows:
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(1) To minimize the forcetracking error, the AVIC controller is employed to track the
desired force of the robot’s base by the proposed adaptive control law to compensate
for the uncertainty.

(2) Inaddition, the THV controller is devised as a feedforward control to minimize the
force-tracking error, as well as maintain the robot’s base horizontal posture, which
makes up for the limitation in taking care of the stability and the horizontality.

(38) A series of numerical trails with the proposed control framework are conducted in a
novel wheeled robotic system. The effectiveness of the framework is validated and
evaluated with the comparative results using the current control methods.

The rest of this paper is organized as follows: in Section 2, the novel wheeled robotic
system objective-tracking system composition is presented. Section 3 introduces a novel
control framework for the robot system, consisting of adaptive force-tracking control and
posture-oriented control. This control framework is verified by a series of simulations in
Section 4. Finally, the main contributions and discussion of directions for future work are
presented in Section 5.

2. System Composition

To reach the purpose of rapidly and compliantly tracking objective, a novel wheeled
objective-tracking system is devised to undertake the UAV and avoid falling down on the
rough terrain due to the lack of power supply, which is shown in Figure 1. The length,
width of the robot is 1.2 m, 0.8 m. The maximum steering angle of every wheel is 45°. The
novel wheeled UAV-tracking system is made up of the undertaking platform, GPS, and
laser radar. This tracking system is capable of rapidly tracking the objective by the UGV of
the independent drive and steering utility, and of undertaking the objective. GPS provided
the position information for the robotics system, and the position accuracy is 1~2 m. LIDAR
gives the distance information to the robotics system. The maximum position accuracy
is 1 mm. Every wheel is contacted by the electrical cylinder with the robot’s base. The
electrical cylinder acts as an active suspension system to adjust the length of the unit for
control the orientation of the base. The maximum speed of the wheel is 3000 rpm.

Objective

2 platform

-

Wheel Undertaking = \ Laser radar P<

—

Figure 1. A novel wheeled objective-tracking system.

The robot control system adopts a distributed control scheme, mainly consisting of a
main control computer and four sub controllers. The main controller adopts the ROS (Robot
Operating System) system, and the sub controllers adopt the Linux system, meeting the real-
time and scalability requirements of control and fully utilizing the controller performance.
Among them, the main controller is a high-performance computer that mainly handles
three tasks: (1) after receiving the environmental information (i.e., terrain height with
respect to robotics system) collected by the upper level environmental perception through
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UDP communication, the information is processed and decisions and motion control
are made; (2) the ground reaction force and robot’s base posture are collected from the
four wheels and the robot’s base, respectively. This information is processed by the host
computer. In addition, the position, speed, and acceleration control values of each wheel
during movement is calculated and sent to each wheel controller for control through
UDP communication; (3) Receive control instructions from remote control or computer,
analyze the instructions, and send control instructions to each sub controller. The current
motion status of the robot, such as the current position, speed, acceleration, body posture
information, and force on each leg and foot, will be transmitted to the remote computer
through wireless WIFI through tasks within the main control computer to achieve real-time
monitoring of the robot’s motion status. The computer can also send control commands
to the main controller, such as the expected motion speed and acceleration of each wheel,
desired attitude angle, etc.

3. Base Stability Control Framework

The proposed control framework aims to render the stable and horizontal base for
the wheeled robotics system on the rough terrain. It is composed by AVIC-based, AC, and
THV-based controllers, as shown in Figure 2. The AVIC-based controller is employed for
the base of the robotic system to track the desired force such that the base can avoid the
instability that occurred by the force-tracking error. The AC and THV controllers aim to
maintain the base’s posture through posture decoupling and using the terrain height as the
feedforward control. Finally, the control quantity of the AVIC, THV, and AC is transmitted
to the inverse kinematics (IK) to calculate the control input of each wheel, and then control
the wheels by using PD controller.

\

Adaptive variable

impedance control
(AVIC)

Terrain height Inverse

variation kinematics
(THV) (IK)
Attitude control
(AC) (=12, 4

A

Figure 2. Posture-oriented stability control framework.

When a robot moves on unstructured terrain and does not obtain terrain information
through an environmental perception system, each wheel of the robot is easily disturbed
by unknown terrain. If each wheel cannot suppress this disturbance in a timely manner,
it will lead to unstable phenomena such as tilting and shaking of the body, thereby weak-
ening the robot’s survival ability in unknown unstructured environments. AVIC, THYV,
and AC controllers ensure smooth interaction between the wheels and the unknown exter-
nal environment, eliminate leg force-tracking errors caused by unknown environmental
information, and ensure the stability of the robot body.
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3.1. Adaptive Force Tracking Control

To suppress the disturbance and track the desired force, the AVIC force-tracking control
method is proposed to minimize the force-tracking error. Instead of the traditional control
method that focuses on adjusting the impedance parameter, the proposed control method
compensates the uncertainty of the system by the devised control law. The differential
equation of the error can be expressed as

mge+bge + (kg +ke)e = maf, +baf, +Kafr — ka(ma¥e + baxe) (M)

where force error ¢ = f, — f, is the difference between the reference force f; and environ-
ment force fe, my, by, kg represent the mass matrix, damping matrix, and stiffness matrix of
the desired impedance model, respectively. The second-order dynamics is based on the ex-
pression of the mass-stiffness-damping system m (%, — %) + by (%, — x) + kg(xr — x) = f,
where x, and x are the reference position and current position. Here, the control law can be
written as

Ax = e(t)e(t) +o(t)e(t) + () @

where e(t) is the error between desired force f; and action force f,. (t) represents the
auxiliary function with time varying. &(t), o(t) stand for the time-varying coefficient.
Substituting Equation (2) into Equation (1), we have

n by + kgkee(t) - kg4 ke + kgkeo () .

mgy mgy
el(t) ol (t)
kyko [m by myf, +baf, +kif ©)
“{kdﬁ i+ xp — #)(t)}Jr dfy T /7y T R4y
d mgy

i (1)

where the varying parameter of above force-error equation can be defined as 4 (t), o (t),
lpd (t). In addition, let E, = [eb éb] T The error function of Equation (3) can be rewritten as

B (it —en)Br (i) = @
N

I() ¥ (1)

Similarly, let I'(t), ¥ (t) be as the parameter matrix of Equation (4) of the state equation.
ep —

ey — e
vector of the total error equation of state. The new error equation of the state vector
reference model of the total error state equation and the actual force error model of the
system can be expressed as

B (L )5 (o0 -0 o0 -a)(0)* (i) =0 @

—_———
T (£) T(t)

To clearly describe the state of the force-tracking state, let E, = ( ) be as the state

To ensure that the closed-loop adaptive system is stable in the sense of Lyapunov, the
control law can be given as

() = uaAx(t) — Eao(t)
é";) pahe(t) — Ee(t), (©)
P (1) = A — Gyp(t)
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where A = —Ape(t) + Apx(t) is the variable parameter. g1, {2, {3 are the correction factor.
U1, M2, u3 are the positive integer.

To validate that the closed-loop adaptive system is stable, the Lyapunov energy
function V(E,, t) is established as

V(Ee,t) = 3EIPE.+1ZTRZ

— LETPE.+ 1o(by(t) — bn)* + 381 (ap () — )+ 3By O

bp(t) — bm Bo
where Z = | ay(t) —am |, R = B1 , P = <P1 Pz). Bo, B1, B2 are positive
wp (1) B2 P2 b
constant. The derivative of above function can be written as
V(E,t) =—3ETQEc+ (e(t) — bu) (Ae + ot (1))

: 8
+<0d(t) —am> (Ae+ Brap(t)) + 9 (t) (ﬁzlpd(t) /\) ®

To ensure stability, the derivative of the energy function should meet the requirement.

Thus, taking Equation (6) into Equation (8), we can obtain V (E,, t) < 0 in terms of ji1, iz, ji3
and o4, 07, 03 are all positive constants, and they belong to (0,1].

3.2. Posture-Oriented Control

To undertake the UVA, keeping the horizontal posture of the base is important of the
robot. First, let FH, (h]x, h]y, h]z) j=1,2,...,6be the position of the hinge point in platform
frame {E}. The posmon vector of every actuator can be expressed as

lj = TMH; +r — b; ©)

where r(x,y, z) is the origin of the hinge frame with respect to the lower platform frame
{L}, bj(bjx, bjy, b]Z) is the hinge point of the undertaking platform, T = 0;A;A,S;Ay +

GyAZS AyAy + 0 2SkAzAyAy, S, S , S are the skew-symmetric matrices, and T represents
the transform matrix from frame {E} to frame {L}, which is depicted as

T = A(-00)A(~0,)A(-0:)
C6.C, —C6,56- S8,
= |56,C6.50, + CO,S6, —50,56,50. + CO.CO. —S56:Ch,
56,56 — 56,C0,C6.  56,50.C6y + S0,CO.  CO,CH,

(10)

where A(8) represents a positive rotation of 6 about the n-axis, 6y, 8y, 0 are the roll, pitch,
and yaw of leg-wheel, and C6, and S0 are defined as cos ¢ and sin 0, respectively. The
length of every wheel can be expressed as

1] = \/(Tllhjx + Tiohjy + Tishjz + x — bj)” + (Tothjx + Toahyy + Tashjs +y — bjy)* + (Taihjy + Txohjy + Taghyz +2 — biz)> - (11)

The wheel j position can be depicted as
lcmd llmtml + Hli,j I (12)

Thus, the control of the robot’s base is expressed through the above equations. Additionally,
the first and second derivative of the position of the wheels are the outputs of the robot posture
decoupling controller, which are to be sent out to the controller of the wheels to execute control task
on the rough terrain.
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4. Numerical Trials
4.1. Numerical Setup

To validate the proposed control framework of accurate existing compliance-tracking the ob-
jective on the rough terrain, two scenarios that featured various slopes and unknown terrain in the
numerical trials were conducted. The main parameters of the robot in the simulation are same as
the real environment. Two large slopes with 95 x 25 cm, two small slopes with 20 x 10 ¢cm, one
conical slope with 35 x 15 cm, and one large slope with a dip of 15 degrees are set in scenario 1 to
verify the performance of the system. The material of the slopes is set as rubber, and the stiffness of
it is configured to 100. Moreover, the unknown environment with variable geometry terrain is also
employed to validate the effectiveness of the proposed control method.

The host controller is applied for real-time control of the robot. The other four controllers are
sub-controllers that regulate the position, speed, acceleration of the four wheels, and the suspension
system, respectively. The communication between controllers is via UDP, and the cycle is 3 ms. The
posture data are acquired by the inertial measurement unit (IMU) installed on the robot’s trunk via
RS-422 per 1 ms. In addition, the host computer receives the posture information and then manages it.
The four force sensors mounted on the end of each wheel transmit the force information (i.e., ground
reaction force) with the host computer via RS-485 per 2 ms. The force value of each wheel is obtained
by resolving the sampled force information from each force sensor. LF, RE, RH, and LH represent left
fore, right fore, right hind, and left hind unit, respectively.

4.2. Variable Terrain of Slopes

Scenario 1: In this part, the robotics tracking system drives over the variable terrain to hold
the horizontal posture of the undertaking platform and reach the desired force of 42 N by utilizing
the adaptive force tracking control and posture-oriented control. The speed of the robotics system is
given to 0.3 m/s. The maximum height of the large slope is 8 cm. The performance of the robotics
system on tracking and holding desired objectives is shown in Figure 3. In this case, the ability to
handle single changes in roll and pitch is tested. When the robot moves onto varying terrain, the
wheels should actively adjust their length to compensate for the change in the base’s posture. The
initial height of the base is 54 cm. The mass m;, damping b;, and stiffness k; in the AVIC method are
1, 0.8, and 1.4, respectively. The correction factors ¢1, ¢, ¢3 are 0.8, 0.4, 0.7, respectively. In addition,
the positive integer yiq, y2, 3 are 0.9, 0.9, 0.6, respectively. According to the designed terrain, LF
and LH will encounter the slope in order, which would change the base’s roll and pitch. Therefore,
we expect that LF is able to detect the slope through the proposed control framework without the
environment awareness system and adapt to the obstacle. The simulation is disclosed as follows.

EDU—

Figure 3. Photographs of the variable geometry terrain. (a) LF encounters the bump, (b) LF moves
on the bump, (c) LF moves over the bump; (d) LH encounters the bump, (e) LH moves on the bump;
(f) LH moves over the bump.

As shown in Figure 3, the whole driving process above is divided into six parts. Each part is the
result of the local magnification in the whole process. In addition, the posture of the undertaking
platform is always kept in the horizontal level rather than confirming the attitude with the variable
geometry terrain. The tracking force of the platform is also handled in the reasonable range, such
that the platform does not generate vibration in the driving process. The detailed performance of the
robotics system is also illustrated in Figures 4 and 5.
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Figure 4. Attitude angles of the undertaking platform while driving over rough terrain: (a) the roll
angle of the base; (b) the pitch angle of the base.

In the whole process, the attitude angles (roll and pitch) are always maintained at —0.15-0.14"
by using the AVIC-based and THV-based method for LF wheel. For instance, the robotics system
encounters the slope that is shown in Figure 3a. The roll angle of the undertaking platform tends to
the 0.15°, but falls back to 0.05" rapidly due to the action of the posture-oriented control. Additionally,
in other parts of the whole process, the roll angle is aways handled on the reasonable range, even if
some transient mutations occur in the process. Conversely, the roll angle during the time of 9.8-13.8 s
tends to a maximum of 4° due to not using the proposed method for the LH wheel. In addition, the
pitch angle also approaches to the desired range (—0.1-0.3") such that the undertaking platform can
keep the horizontal posture while robotics system is driving over the rough terrain. Additionally, the
force information from the simulation is shown in Figure 5.

150} ——Desired foré:e ——Force of LF
100

50

Force[N]

-50 AdvancgeLF driving Base :LH'driving

100 areai area | area area
2 4 6 8 10 12 14
Timels]

Figure 5. Force-tracking performance of the undertaking platform on the bump by AVIC.

In this scenario, the desired force of 42 N is set. Thus, the purpose of the robotics system is to
track the desired force, which aims to compliantly undertake the UGV and avoid the subversion of it.
As shown in Figure 5, the force of the platform is always maintained between 38-150 N. Especially in
the process of Figure 3d, the force suddenly increases to 150 N (which can be observed at the 5 s time
point in Figure 5) but rapidly falls back to the boundary of the desired value. Additionally, at the
other parts, the desired force of 42 N is tracked accurately by using the ACIV-based method.

4.3. Reality-Like Terrain

Scenario 2: Further, the unknown and reality-like terrain is conducted to validate the effective-
ness of the proposed control methods. In this section, the same speed of 0.3 m/s for the robotics
system is to be configured. The relief height of the terrain is absolutely unknown such that the
performance of the proposed control methods can be validated effectively. The mass m;, damping b,
and stiffness k; in the AVIC method are 1, 0.8, and 1.4, respectively. The correction factors &1, 2, ¢3
are 0.7, 0.5, 0.5, respectively. In addition, the positive integer 1, pio, 3 are 0.85, 0.7, 0.7, respectively.
The process of the robotics system traversing the terrain is shown in Figure 6. According to the
designed terrain, LF, RF, RH, and LH will encounter the variable terrain, which would change the
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base’s roll and pitch. Similarly, the performance of the proposed control framework is validated in
this scenario to adapt to the environment. The simulation is disclosed as follows.

Figure 6. Photographs of the robotics system traversing the reality-like terrain. (a) All legs move on
the rough terrain; (b) LF and RF move on the low-lying land; (c) LH and RH move on the low-lying
land; (d) All legs move on the terrain; (e) LF and RF encounter the low-lying land; (f) LH and RH
encounter the low-lying land.

Similarly, the process of robotics system traversing the reality-like terrain is divided into six
parts in Figure 6, where each of the parts represent the local magnification. From the whole traversing
process, the above part of the undertaking platform always confirms with the variable terrain.
Additionally, the vibration problem of the platform does not generate by the force-tracking error. To
clarify in detail the performance of the control methods, the posture and force information are given
in Figures 7 and 8.

0.4 , : 0.4
0.2 0.2
=) =)
S 5
T 0 T 0
2 2
< <
0.2 -0.2
-0.4 -0.4
0 10 20 30 0 10 20 30
Time[s] Timel[s]

(a) (b)

Figure 7. Attitude angles of the undertaking platform while traversing reality-like terrain: (a) the roll
angle of the base; (b) the pitch angle of the base.

In this reality-like terrain, the roll, pitch angle is kept between —0.3-0.3" by utilizing the
proposed control methods. For instance, at the time of 5 s, the roll angle of the undertaking platform
tends to the —0.3, but it falls back to 0.1" rapidly due to the action of the posture-oriented control. In
addition, the pitch angle also approaches the desired range of —0.3-0.4", which leads to maintain the
platform’s horizontal posture. Additionally, the force information from the simulation is shown in
Figure 8.

As shown in Figure 8, the desired force of 42 N is also set in this reality-like terrain. The real
tracking force of the platform is always maintained between 41.97—42.02 N. Especially in the process
of Figure 6e, the force suddenly decreases to 41.88 N (which is illustrated at the time point 25 s of
Figure 8) but rapidly falls back to the boundary of the desired value. For the other parts, the desired
force of 42 N is accurately tracked by utilizing the adaptive force-tracking method.
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Figure 8. Force-tracking performance of the undertaking platform on rough terrain by AVIC.

Furthermore, the reference force tracking is also evaluated through the proposed control frame-
work, which is depicted in Figure 2. As for AVIC method, the value of the force-tracking error is close
to the value of that using AVIC. However, for the result of the method in Figure 5, the simulation
exhibits a large overshoot at 5 s. Both orientation and force information of the proposed method
shows the performance of small orientation or force-tracking error. By evaluating the performance of
the objective-tracking robot utilizing the adaptive force-tracking control and posture-oriented control
in Scenario 1 and 2, the numerical results show that the robot’s trunk can maintain the orientation
angles between —0.3-0.3", which is better than the other two state-of-the-art solutions.

5. Conclusions

To address the problem regarding the objective tracking on rough terrain, the control framework
for a novel wheeled robotic system based on AVIC, THYV, and AC method is employed to rapidly,
compliantly undertake the objective.

The AVIC controller enables the system to track the desired force such that objective can stably
land on the undertaking platform. The THV controller aims to minimize the force-tracking error,
together with the AVIC controller. To meet the level-landing requirement for the objective, the AC
controller is employed to maintain the horizontal posture for the system base in real-time. A series of
numerical trails disclose that the proposed control framework can hold a horizontal and stable base
on the rough terrain, which enables the objective to stably land on the undertaking platform in order
to avoid falling down.

In the future, the environmental perception system would be integrated in the novel wheeled
objective-tracking robot, which could enable the tracking system to autonomously make decisions
for the objective and track the trajectory. In addition, the versatile locomotion should be explored
in this system to further increase adaptation to challenging terrains and thereby benefit real-world
applications while adding the extra mechanism.
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