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(a) 

 
(b) 

Figure 9. Some parameters related to fuel consumption and operating time interval for testing and
mapping: (a) Fuel consumption level and autonomy prediction; (b) Fuel level variation vs. time of
machinery operation.

Operating end time (OET) is mathematically defined by the following equation to gain the
trendline actual values based on a polynomial model:

OET = −5 × 10−4 x2 + 2.6 × 10−2x + 0.2, [l], (1)

where OET is the operating end time during the applied tests; x—specific measurement coefficient
(1 . . . 15).

Initial fuel level (IFL) is mathematically described by the following equation in order to retrieve
the trendline numerical values based on the polynomial model:

IFL = 45 × 8 × 10−3 x2 − 3.35x + 54.5, [l], (2)

where IFL is the initial fuel level inside the fuel tank; x—specific measurement coefficient (1 . . . 15).
Final fuel level (FFL) is mathematically described by the Equation (3) in order to retrieve the

trendline numerical values based on the polynomial model:

FFL = 31 × 4 × 10−3 x2 − 3.1x + 50.8, [l], (3)

where FFL is the final fuel level inside the fuel tank; x—specific measurement coefficient (1 . . . 15).

4. Discussions and Contributions

The important contributions of the authors consist of designing the system that supported the
integration of the physical components in the existing machinery fleet, as well as testing the client’s
remote access to the database on the server. Other contributions are the specific optimization sequences
required for the complete implementation of the system on mobile equipment. Installation of fuel
level sensors was also very important for the main objective of the research, and it requested a
proper calibration and quality check. In addition, the manufacturing of electrical infrastructure,
electronic connections, and digital testing represents a specific contribution. Thus, the most important
contribution of the present research is the design and development of an automated system for fuel
level control and machinery location tracking which optimized remote accessibility and telematics,
as is shown by Figure 10. Each vehicle from the fleet (1) is sending a data package through a wireless
connection (3) to the world wide web (4). The mainframe server (5) stores the data and provides
access for the client units. An extensive research unit works with LAN (6) on the Jidvei plant factory
for retrieving and processing data recorded from the fleet. A remote researcher unit (7) elsewhere
is participating in post-processing the data package. Finally, the remote client unit (8) inspects and
verifies the overall results. In this manner, the remote accessibility and up to date telematic system is
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created. Thus, mobile tracking in a global network is developed and put in operation, providing actual
values in real-time.

Figure 10. Synoptic view of the system for fuel tank level remote control and machinery geo-tracking.

The significant technical features put into the system are supported by the RS232 interfaces
(Frutteto RS), customizable analog and frequency outputs (AF), as well as the CAN J1939 interface.
The sensors have a Kline interface, used to configure the complete interaction between them. The RS
and CAN sensors have an “alarm” feature for signaling a fuel leak incident. The signal provided by the
low-level “alarm” turns on whenever the fuel level drops below a preset value. The sensors determine
the level of fuel as well as other liquids (if necessary, such as cooling liquid). These solid-state fuel,
coolant, or oil level sensors generate a continuous signal regarding the monitored tank content level
and operate either voltage or resistance formats. The sensor unit will be automatically re-calibrated
every time the fuel tank is refilled. It can work properly even when mixtures of conventional fuels and
additives are included. Available sizes are suitable for every tank depth in a range between 190 mm
and 1000 mm. The length of the sensor may also be adjusted to the proper size adapted for each
practical application. In addition, there is provided a built-in display and accelerometer to facilitate
measurements on all types of rough terrains. Compared to other achievements, such as [9–13], this one
is offering both remote tracking, fuel monitor, and kinematic recording at distance. The discussion over
the main contributions and achievements of the present research creates the opportunity for issuing
conclusive ideas regarding the practical implements and the recorded results.

5. Final Observations and Conclusions

Automatic systems and smart interfaces in production and logistics are key factors for development.
They constitute some of the most significant research subjects in mechatronics and robotics nowadays.
The applied research and testing are supporting the automatic system development with a high level of
control and monitoring procedures for speed, location, tilled area, fuel economy, and energy efficiency
integrated into a smart program available on mobile devices.

It may be quite easily observed that the implemented system has the operational capacity and
provides actual data in real-time for multiple geo-locations regarding fuel level monitoring and precise
global positioning. Tank fuel level sensors transmit data through GPS connections during operation
and stationary periods. The accurate measurement of the level inside the fuel tank contributes to the
optimization of the time and geo-location of re-fills, as well as the prevention of fuel leaks. The fuel level
sensor makes accurate measurements of the amount of fuel in the tank, and it is compatible with the
machinery telematics systems and data managing equipment (both hardware and software). Accessing
databases of different pieces of machinery may support a better assessment of their performance and
energy consumption in order to define energy costs and financial impact.
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The automation of data recording about tank fuel levels and of the data storage system allows the
admin account to have remote access to the controlled machinery, including checking their status.

The development of the automated system for fuel tank level control has been realized according
to the initially proposed objective and it allowed the practical setups on specific machinery, as well as
manufacturing the technical solutions for integrating all necessary components.

Actual data have been received remotely by the WLAN connection supported by the machinery
location management system that was put in place during the experimental setup operation. Thus,
these were taken into consideration and optimization procedures were realized for accessibility
level and mobile tracking, showing the precise location, GPS coordinates, tilled area for tractors,
and traveling speed.

Further research is expected to define more accurately the topic of automation for remote machinery
operation. As other similar technologies will be used more, comparison studies will be done.
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Abstract: The robotic arms of the human arm type, so-called collaborative robots, have been improved,
optimized, and diversified greatly in recent years. However, most of them are still equipped with
mechanical grippers with plier-like jaws. Equipping these robotic arms with anthropomorphic
grippers is currently hampered by variants of these grippers on the market that are far too complex
and at inaccessible prices to be used on a large scale. As an alternative to the familiar anthropomorphic
grippers, I presented an anthropomorphic gripper with five fingers, made under my coordination,
constructive, and functional, including briefly the coupling solution with a robotic arm.

Keywords: robotic arm; human arm; direct kinematic; collaborative robot; anthropomorphic gripper

1. Introduction

After the advent of industrial robots in technological processes, for a long time, industrial
robots have been and are equipped for parts transfer operations, with mechanical grippers with
jaws. These grippers can only be used for one type of parts or a set of similar parts. There are also
multi-grippers that can be used for more types of parts. The main disadvantage of these grippers
is the limited range of use and the need to change the gripper in the case of another type of part
in shape or size [1]. In parallel with the mechanical grippers with jaws, anthropomorphic grippers,
similar to the human hand, with three to five fingers, were continuously developed and perfected.
Robotic arms similar to the human arm were also developed and perfected, which became compact,
precise, and reliable [2,3]. Thus, in the robotic technological processes, the classic industrial robots
got to be replaced, as an increasingly obvious trend, with robotic arms/collaborative robots (cobots)
equipped with anthropomorphic grippers, fixed or mounted on mobile platforms, to the more complex
shape of humanoid robots. In this way, it is possible to replace human operators with these variants of
humanoid arms or robots.

This paper presents a unit of robotic arm/ anthropomorphic gripper that can be widely used in
the robotization of technological processes for industrial products’ manufacturing.

2. Types of Collaborative Robotic Arms

In the industrial robot, the robotic arm had from the beginning as a model the human arm, with the
mention that the initial variants of industrial robots had large dimensions and some disproportions
compared to the human arm. Anatomically and cinematically, the human arm represented in Figure 1
is characterized by several elements and seven independent movements (in xyz coordinate axis):
three rotations in the shoulder (ω1; ω2; ω3), one rotation in the elbow (ω4), one rotation around the
forearm (ω5), and two rotations at the wrist level (ω6; ω7).
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Figure 1. Anatomically and cinematically the human arm.

As we have already mentioned, the first variants of industrial robots only tried to copy the
structure and kinematics of the human hand, a direction in which they were partially successful.
However, in the last 10–15 years, robotic arm structures have appeared that are much more similar
to the human arm and have comparable performance. Some of these variants will be presented (for
each variant the independent movements are highlighted: ω1, . . . , ω7, corresponding to the number
of degrees of freedom, an original contribution of this paper, useful for the easier understanding
of the operation of these robots). The Barrett Arm (Figure 2a) has been made since the early 2000s
and is particularly accurate. The main features of this robotic arm are a height of 42 cm, length of
72 cm, width of 34 cm, weight 27 of kg, high speed, and very good accuracy [4]. Figure 2b shows the
Universal Robot UR 10 robotic arm. Its main features are: it safely works alongside employees or
separately; it automates tasks up to 22 lbs (10 kg); its reach radius is up to 51.2 in (1300 mm); it has
360-degree rotation on each wrist joint, 6-axis capability, and 0.1 mm repeatability; and it is lightweight
and mountable at only 24.3 lbs and easily programmed to switch tasks [5].

 

(a) 

 

(b) 

Figure 2. Collaborative robots: (a) WAM Barrett robotic arm; (b) Universal Robot UR 10 robotic arm.

Doosan M 1013 Robotic Arm (Figure 3a) is characterized by: degrees of freedom: 6; payload: 10 kg;
reach: 1300 mm; tool speed: 1 m/s; repeatability: ±0.1 mm; operating temperature: 5–45 ◦C; weight:
33 kg; installation position: floor, ceiling, and walls; protection rating: IP54, I/O; ports: configured
with 6 I/Os; and power supply: 24 V/Max. 3 A, joint movement (range/speed): J1; J2: ±360◦/120◦/s; J3:
±160◦/180◦/s; J4, J5, J6: ±360◦/225◦/s [6]. Figure 3b shows the robotic arm type Elfin, which has the
following features: control mode: continuous path control; drive mode: electric; application loading,
pick and place, condition: new; CE certification; trademark: Han’s Robot [7].
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(a) (b) 

Figure 3. Collaborative robots: (a) Doosan M 1013 Robotic Arm; (b) Elfin Robotic Arm.

Another variant of robotic arm of this type is ROZUM Robotics (Figure 4a) characterized by
being ultra-lightweight and mobile (8 kg weight), strong and dexterous (3 kg payload, 700 mm reach),
precise (±0.1 mm repeatability), and fast (30 rpm/2 m/s) [8]. The KUKA robotic arm (Figure 4b),
made after a long period of improvement and optimization of KUKA classic robots, in which we
can also remark upon the great difference between the traditional industrial robots and articulated
robotic arms of the last generation, is characterized by a 7-DOF robotic arm and adaptation algorithms;
the robot is equipped with torque sensors, allowing us to perform torque control and by extension
impedance control, allowing for compliant interaction and motion-adaptation [9].

 
(a) 

 
(b) 

Figure 4. Collaborative robots: (a) ROZUM robotic arm; (b) KUKA robotic arm.

The Rebel Arm 1–2 robotic arm (Figure 5a) is characterized by 6 DOF, with integrated control
system and motor; an outer chassis that consists entirely of polymers and is therefore cost-effective and
light; an articulated arm that enables applications involving human–machine collaboration; lightweight,
internal cables; joints that are suitable for service robotics applications; and brushless DC motors
instead of stepper motors [10]. The Panda robotic arm (Figure 5b) is characterized by a easy-to-program
robotic arm designed for small businesses and ability to move in seven axes, designed with a smart
sense of “touch”; the Panda can help conduct science experiments, build circuit boards, or pretest
equipment (two Panda arms can even work together to build a third) [11].
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(a) 

 
(b) 

Figure 5. Collaborative robots: (a) Rabel robotic arm; (b) Panda robotic arm.

All types of robotic arms presented are part of the so-called class of collaborative robots designed
to interact in a friendly manner and very efficiently with the human operator. These robotic arms
typically have six or more degrees of mobility and can be used individually or in pairs, as human
arms. Two examples are given for illustration of the structure equipped with two robot arms each
(Figure 6a,b).

 
(a) (b) 

Figure 6. Robotic structure with two robotic arms: (a) Yaskawa type [12]; (b) ABB type [13].

In most cases, these robotic arms, used individually or in pairs, have been equipped and are still
equipped, as already mentioned, on a large scale with grippers with jaws, pliers, or sporadically with
articulated finger grippers (3, 4, or 5 fingers). This situation is explained by the still low performance
and affordable variants of anthropomorphic finger grippers.

It is time for this situation to be overcome and to move broadly to the endowment of robotic arms
of the collaborative type with anthropomorphic grippers with five articulated fingers [2,3].
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3. Solving the Direct Kinematic Problem with the Method of Homogeneous Operators

A problem of particular importance for robotic arms of the human arm type is the solution of
direct kinematics. The following is a brief example of solving direct kinematics for a robot of this
type, for which the method of homogeneous operators is applied [14,15]. This method application
involves the use of homogeneous operators of rotation, translation, and rotation–translation compound
operators, respectively, for translation–rotation. In Figure 7a, we show the form of the homogeneous
elementary translation operator of the reference system Omxmymzm to the reference system Onxnynzn,
by the axis xm = xn:

Amn = Tx
mn =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

dnm 1 0 0
0 0 1 0
0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (1)

 

(a) 
 

(b) 

 
(c) (d) 

Figure 7. Appropriate kinematic schemes for homogeneous elementary operators: (a) translation;
(b) rotation by x axis; (c) rotation by y axis; (d) rotation by z axis.

In the same form, the matrix of elementary homogeneous rotation operators by x-axis, y-axis,
and z-axis, according to Figure 7b–d, are:

Amn = Rx
mn =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 Cnm −Snm

0 0 Snm Cnm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ Amn = Ry
mn =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 Cnm 0 Snm

0 0 1 0
0 −Snm 0 Cnm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Amn = Rz
mn =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 Cnm −Snm 0
0 Snm Cnm 0
0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,
(2)
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In these matrices, Snm = sinϕnm and Cnm = cosϕnm are sines, respectively, cosines of rotation angles.
Rotation is around the respective axes, from the reference system m to the reference system n. If we
use two elementary homogeneous rotation and translation operators, translation and rotation ones,
respectively, we can obtain compound homogeneous operators corresponding to matrices resulted by
multiplying the matrices corresponding to homogeneous elementary operators. Compounds operators
ease, to some extent, the kinematic calculation, by reducing the number of operations of multiplication
of the matrices corresponding to rotations around axes in kinematic couplings and translations between
the two axes of two successive couplings. Below, we exemplify the direct kinematic problem solving
for the kinematic structure with 6 axes (0,1,2,3,4,5) analyzed and represented in Figure 8.

Figure 8. The necessary notations for solving the direct kinematics with the method of
homogeneous operators.

To obtain the reference system coordinates O5x5y5z5 reported to the reference system O0x0y0z0

(the direct kinematics problem), we write matrix forms of the rotation or translation operators of
successive passage from the reference system m to the reference system n: m= 0, 1, 2, 3, 4, 5; n = 0, 1, ..., 5.
The matrix of the reference system coordinates O5x5y5z5, as compared to the reference system O0x0y0z0,
which is a product of the transfer matrices above matrix, under the form:

A05 = A01′A1′1A12′A2′2A23′A3′3A34′A4′4A45, (3)

The kinematic analysis presented may be extrapolated to any other structure of the robotic arm
type human arm.

4. Five-Finger Anthropomorphic Gripper for Robotic Arms

Furthermore, I describe an anthropomorphic five-finger gripper, designed under the coordination
of the author, with a high degree of resemblance to the human hand made under my coordination,
a type of gripper that is recommended to be used to equip the robotic arms described above. Figure 9
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shows such a robotic arm and the gripper that will be mounted on it, real variant and the CAD
model [16].

Figure 9. Recommendation for coupling a human arm robot with an anthropomorphic five-finger grip.

This gripper, according to Figure 10a, has five degrees of mobility and is driven by five stepper
motors (Figure 10b). The implementation of the gripper is being carried out, having solved the first
part of the problem by ensuring the compatibility between the robot and the gripper.

 

(a) 

 

(b) 

Figure 10. Anthropomorphic gripper with five fingers: (a) Constructive version; (b) The stepper motors.

An example of use is the simulation of a mounting and transfer operation of a metal shaft.
According to Figure 11a,b, a bearing is mounted on a shaft.

 
(a) 

 
(b) 

Figure 11. Simulation operations: (a) A bearing is mounted on a shaft; (b) Transfer operation.

After mounting, the shaft is taken and stored in a box on a suitable support (Figure 12).
The robotic workstation can be optimized by using a Kinect sensor, which takes over the

movements of a human arm and transmits them to the robotic arm, the anthropomorphic gripper
being configured to grip various parts using a Motion Leap sensor (Figure 13).
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Figure 12. The shaft is stored in a box.

 
Figure 13. Control solution for the robotic structure with robotic arm and anthropomorphic finger grip.

The presentation of this solution seeks to encourage the widespread use of robotic arms equipped
with anthropomorphic grippers with five fingers of average complexity achievable at low cost,
which really contributes to the quasi-total robotization of technological processes of manufacture
and assembly.

5. Conclusions

Based on what is presented in this paper, the following conclusions can be drawn:

• Human arm type robotic arms, also called collaborative robots or cobots if their shapes are more
complex, have greatly improved and diversified in recent times; even one of the big companies
brought to market industrial robots and such structures.

• These robotic arms, more efficient than the robotic arms from the traditional industrial robots,
are further equipped especially with jaw grippers of the pliers type that do not highlight all their
constructive and operational possibilities.
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• The maximum efficiency of collaborative robotic arms use can be achieved by equipping them
with anthropomorphic grippers, still difficult to access because of high costs, and a sometimes
unnecessary complexity;

• As an alternative to the familiar anthropomorphic gripper, to equip robotic arms, I briefly present
an anthropomorphic gripper with five fingers, sufficiently advanced and feasible at a lower cost,
made under my supervision, including a solution for coupling a robotic arm, and exemplification
of use in the case of assembly and transfer operations; this is a solution that has advantages
in terms of cost and operation for current applications compared to other very expensive and
unjustifiably complex anthropomorphic grippers.
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Abstract: Smart Manufacturing is a goal to be achieved, and the most advanced manufacturing
approaches are being used to pursue this objective. Within this context, industry development aims to
attain an intelligent manufacturing using, for example, virtual models that simulate production lines.
This paper presents the architecture of a Digital Twin for emulating the rolls replacement process
within a wire rod rolling mill. The model is developed in Python, using a backtracking algorithm to
select the suitable set of rolls as a first basic approach for the validation of the system. It may be used
in the future to improve the production system automating the decision for the replacement of rolls
as alternative to the current human-decision process.

Keywords: Digital Twin; Digital Shadow; smart manufacturing; rolling mill

1. Introduction

Nowadays, companies are employing the most advanced technologies, such as Artificial
Intelligence (AI) and Internet of Things (IoT), to meet the demands of a worldwide marketplace. This
inevitably entails an automation of the industrial processes [1–3] that improves their competitiveness
and efficiency, which increases the quality of the organizations and paves the way for the fourth
industrial revolution, noted as Industry 4.0.

Smart manufacturing [4–7] is a term used to refer to that future state of manufacturing, which is
characterized by a range of interconnected automated systems that merge the physical and digital worlds.
One way of developing smart manufacturing systems and processes is using Digital Twin technologies.

Digital Twins [8–10], also named Digital Shadows, are a way of recreating physical entities virtually
based on models of its behaviors. A Digital Twin is never a target by itself, but a way of achieving the
organization goals. They are used in several industrial sectors to analyze the data generated, visualize
the processes, or optimize the business operations by optimizing the operation and maintenance of
industrial installations and manufacturing processes. In the next years, Digital Twins are expected
to be implemented by countless industries for multiple purposes such as supply chains, logistics, or
production lines.

The rolling process is the most common industrial process in steel manufacturing, which is used
for making large length cross section like sheets and plates of steel and aluminum for structures.
Rolling mills are used for performing the rolling process. Wire rod is one of the resulting products
from the rolling process, which is mostly used as a quality raw material to produce screws, tires, or
construction materials among others. It has a hot rolled round section that is turned into wire through
cold rolling processes or wiredrawing.
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Multiple elements are involved during the wire rod mill operation. The raw material is passed
through regular rolls until the required cross-section profile is achieved. Rolls work usually in pairs
(at least for the configuration noted as “two high rolling mills,” where the rolls rotate in the opposite
direction to the movement of the work piece, and the work piece is fed between the rolls) and they are
assembled in stands. Every roll in the process has a specific function in the making of the piece. At
every stage, there are minor changes in the configuration of the metal. The size of the roll depends on
the metal type, thickness, and formability. One of the most important tasks in the wire rod mill case is
to determine the set of rolls to be used in the drawing process for a specific set of orders. Rolls are
replaced frequently (every several days), because of the wear. Wear depends on various parameters,
the most important being the tons of raw material rolled. Once a set of rolls is worn, they must be
disassembled. The rolls are usually changed as a whole, or at least all of them in the same area of the
rolling mill at the same time. The rolls are not discarded when disassembled, they are reconditioned in
a maintenance workshop located in the same facility by grinding the roll and reshaping their tracks.
There is also a warehouse where all the rolls of the plant are stored. Each roll is an expensive asset that
is carefully managed through its life cycle, since it is provided by the seller until it is finally disposed.
The wire rod mill has a series of determining factors which make this process complex: the number
of assembled rolls is high (more than one hundred for this kind of rolling mill) and there are several
sections, each one with specific requirements depending both on the track where they are going to be
assembled and the kind of product to be rolled. There are also diameter restrictions for the rolls, being
the fulfillment of those restrictions one of the most important parameters to take into account when
changing the rolls. When the rolls are disassembled, they need to be grinded in order to be used again,
reducing its diameter, and therefore, its lifetime.

The aim of this paper is to present a new Digital Twin model for the wire rod rolling mill that
will allow to develop and simulate autonomous systems as alternative to the current human-decision
process. The paper is structured as follows: first, the wire rod process is introduced, paying special
attention to the rolls replacement operation. Then, the architecture of the simulator is presented.
Finally, the conclusions and future research are featured. The work presented here constitutes a first
approach, so only preliminary results are presented.

2. Theoretical Background: The Behavior of the Wire Rod Mill and the Rolls Exchange Process

A wire rod mill uses billets that are heated in a reheating furnace (around 1.115 ◦C) as raw
materials; these are long products that have a square section whose length is variable. The rolling
process has at its beginning a first roughing mill, consisting of three rolling stands, whose goal is to
reduce the square section of the billet (150× 150 mm) to a square section of approximately 112× 112 mm.
Afterwards, the rolling process is divided in two parallel streams, named veins, as it is depicted in
Figure 1. Each vein starts with a second roughing mill formed by seven roll stands, which is followed
by the intermediate section, with eleven additional rolling stands. Following this, the finishing area
is equipped with two sections of rolling stands, the first one named “block” and the last one named
“RSM” (Reducing Sizing Mill). These sections are in charge of providing the final quality to the rolled
product. The process ends with a pair of rolls for keeping the traction. Finally, the coils of wire rod are
formed. Figure 1 shows the outline of the process.
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Figure 1. Schema of the wire rod rolling mill.

The stock of managed rolls in the factory is particularly high, having usually more than 4000
registered rolls, each with its specific features such as dimension, alloys, geometry, etc. The rolls are
grinded and shaped with several tracks, as depicted in Figure 2, each having its own state, which
can be working, used, or unused, and its properties, such as the number of tons rolled since it was
assembled. Each track is used independently of the others of the same roll for a specific assembly and
once the track is worn, the roll is disassembled and that track is marked as used, being the roll able to
be assembled again if it still has unused tracks. Each time new rolls are received and whenever all the
tracks of a roll are used, its tracks are prepared, that is they are grinded, textured, and chromed, resting
ready to be used.

Figure 2. Schema of the main roll parts.

The rolls always work in pairs, as it is depicted in Figure 1, so when the manager must choose the
suitable track of a roll for a stand, that whose geometry and shape are compatible with the stand, two
rolls with equal tracks must be chosen for each vein. In those cases, the manager must take into account
the roll service life, the number of accumulated rolled tons, and the location in the warehouse of the
roll, turning the problem into a highly dimension one that cannot be handled manually. A database is
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used for registering all the information as it is of great importance to keep track of the roll’s life cycle.
There are different restrictions; for example, some rolls only suit in a particular section of the rolling
mill and there is a diameter difference constraint between the rolls assembled on several rolling stands.

Currently, the operators of these facilities simplify the problem working with predefined roll pairs
and using families and groups of similar rolls that are likely to work together. This is inefficient and
reduces the flexibility of the roll changing process.

3. Digital Twin Design Approach

A simulator of the rolling mill has been developed in order to test further different approaches for
selecting the appropriate rolls for the stands. The simulator is developed using Python. It is currently
running in a Windows 10 operating system, although it could run in any Linux system. A backtracking
algorithm is used to find the suitable set of rolls for each scheduled batch of orders, being a batch the
set of jobs that the mill performs before the rolls are disassembled.

The general schema of the simulator can be seen in Figure 3. As it is depicted, at the beginning,
the variables are initialized. To do that, the simulator receives a JSON file as input with the required
values and using them the roll dataset that will be used as the rolls warehouse’s stock is created (1).
Next, the simulation starts, and, for each scheduled batch of orders, it requests a group of rolls (2) to
replace the assembled ones. In order to do this, it has to read the rolls status (3) and once known, it
proposes a roll set to be used (4). This part is designed as a separate module, because one of the main
goals of this simulator is testing different approaches and comparing results among them. In order to
try a first approach that could be used for validation of the present work, a backtracking algorithm has
been implemented. The backtracking algorithm is executed for each vein and takes the compatible
rolls for each of the stands, that are those which meet the geometry and shape requirements. Then,
it checks for each stand its constraints: the two rolls of the same vein must have the same diameter and
the diameter restrictions among the rolls of the current stand and the rolls of the previous stand have
to be met. If not, it backtracks to the previous stand.

Figure 3. Simulator schema.
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A flow chart of the backtracking algorithm is shown in Figure 4. The number of rolls that are
checked for each stand is restricted to prevent it from taking too much time. After simulating the
rolling of a specific number of tons, the rolls are disassembled because the wear of the tracks that are
working and those tracks are marked as used (5). When all the tracks of a roll are marked as used,
the roll is sent to the rolls workshop (6), where it is grinded and left ready to work again, reducing the
rolls diameter (7) (as consequence of the grinding operation). Otherwise, while the roll has some track
available for rolling, it could be assembled again. When all batches of a simulation are performed,
the simulator creates several JSON files as outputs with the results and they are displayed graphically.
The wear of rolls (and as consequence the reduction of the diameter) is simulated using a model trained
with historical data collected from the process.

Figure 4. Backtracking algorithm flow chart.

There are N stands from 1 to N. At each step the diameter restrictions for the rolls that have been
selected are checked and if they are fulfilled, it checks whether it has compatible rolls for the current
stand (i) and goes to the previous stand otherwise (i − 1). If there are not compatible rolls for the current
stand, the selection algorithm ends and no set is proposed, but if there are, two rolls of equal diameters
are chosen and added to the solution. Then, it checks whether there have been chosen rolls for all the
stands (stand =N), and if so, the solution is processed and the algorithm ends. If not, it continues with
the next stand (i + 1). Each of the stages of the simulator is described in more detail below.

3.1. Algorithm Inputs: Initial Set of Rolls, Batches, and Restrictions

The system generates a set of rolls simulating the situation that could be found in the warehouse.
In order to reproduce different scenarios, this initialization is parametrized. The JSON configuration
file that the simulator has as input has defined the different types of rolls that are in the sections of
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the rolling mill (its geometry, the number of positions, and the shape of each of them), the batches
scheduled to be done, and its restrictions. The simulator generates a set of rolls that suit that types
and the user must choose the algorithm that wants to be used in order to find a set of rolls that can be
employed to perform each batch. Here, the users can design their own strategies for selecting the rolls,
hence enabling the evaluation of different approaches and comparing the results.

3.1.1. Types of Rolls

The types of rolls are defined indicating the quantity of each, the geometry, shapes of its tracks,
number of tracks, and initial and final diameter. The actual diameter of the rolls is generated randomly.

3.1.2. Batches, Jobs Performed with the Same Set of Rolls, and How They Are Defined

Changing the rolls is not an easy or quick operation, so it is avoided as much as possible. That is
why the operators group the jobs that the mill has to do (batch) before performing them, reducing the
number of replacements. For this very reason, the works that the simulator has to do are not single jobs
but compositions (batches) of those that can be performed with the same set of rolls. The simulator is
given a set of batches to perform and every batch received consists on each single job that has to be
done before the rolls are disassembled. The batches are defined indicating the stands which take part,
giving its number, geometry, shape and, for each of the single jobs that are part of it, the quality of the
material and the number of tons rolled.

3.1.3. Restrictions Involved in the Rolls Exchange: Diameter Restrictions

Although this type of installation has several types of restrictions, the most important to be
considered here are the restrictions between rolls diameters. These restrictions entail that the diameters
of the rolls assembled in two consecutive stands must accomplish some constraints. A restriction
between two stands with a given diameter (DA, DB) is applied in a factor (k) and is constrained to
a given value (limit) using a relational operator (op). The evaluation of the restriction is performed
evaluating the expression (DB − DA)/k op limit, where, as stated before, DB and DA are the diameters
of the rolls, k is the factor, op is the relational operator (usually ±), and limit is the value to which the
expression is constrained.

3.2. Outputs

The batches defined in the configuration file are launched a certain amount of times defined
previously and, for each batch, the diameter of the rolls is reduced according to a simple model which
has been developed taking into account the number of tons laminated, the initial diameter of the roll,
its geometry, and the shape of the track that works. Finally, the results are written to a JSON file and
to observe them, they can be shown graphically by plotting the average, median, mode, and range
diameters for each geometry and shape as well as the percentage of rolls grinded for each batch.
In Figure 5a, the evolution of the average diameter for a particular type of roll, with a particular
geometry, number of positions, and shapes of each of them is shown. This measure is an indicator of
the remaining life of this set of rolls, and some indicators, as the tons rolled by millimeter could be
derived. In Figure 5b, the evolution of the diameter of a particular roll is shown, as it is seen it has
been assembled twice, and then the roll was no longer used.
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Figure 5. (a) Evolution of the average diameter for a particular type of roll; (b) evolution of the diameter
of a particular roll.

In Figure 6, a set of eight batches has been launched fifty times (iterations) and the cumulative
percentage of rolls grinded after each batch has been plotted. This is an indicator of how many rolls in
the set have been grinded, and thus, their diameter has been reduced. The goal is to reduce diameters
in a homogeneous way, to avoid that the differences in diameters in the collection or rolls are enlarged,
which would imply a higher difficulty to find compatible rolls, forcing larger diameter reductions,
with the consequent reduction in cylinder life. It is indicated in the X axe as iteration—batch, that is
number of the execution—number of batch executing.

Figure 6. Percentage of rolls grinded.

In order to accelerate the process, a filtering strategy is applied first, selecting for each stand
just only those rolls that have positions ready to be assembled and whose geometry and shape are
compatible with the roll stand. In this way, the number of rolls that are checked for each stand is
limited, having also a maximum number of checked rolls for each pair of each stream. In Figure 7, a set
of 5600 rolls has been launched without time restriction and the number of pairs of rolls checked for
each stream has been limited to ten, as it is seen, when there are no compatible solutions, the execution
time boosts significantly, being the number of rolls checked for each stand very small the time it lasts
as maximum is about twenty five seconds, and this would increase exponentially with the number
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of rolls checked. Future rolls reduction approaches must take into account the maintenance of rolls
diameter compatibility.

Figure 7. Execution times.

If no solution is found, it is considered that it does not exist. The tests performed have been done
with a small set of rolls, around 2800, in a Windows 10 desktop computer powered by an Intel Core
i5-8500 processor of 3.00 GHz with 8.00 GB of DDR4 RAM, but more accurate tests will be done in the
future. The time it lasts in finding a solution is very variable, from 2/100 s to more than three seconds or
even not finding one. The results have proved that the probability of the algorithm finding a solution
decreases with the generated rolls actual diameters difference; for example, if the randomly generated
actual diameter for the rolls is generated between the initial diameter and the final diameter plus eighty
percent of the difference, the algorithm usually finds a solution for every batch (higher probabilities of
meeting the diameter restrictions among rolls); however, if the actual diameter is generated among
the final and half the initial diameter, it can last three seconds or more and usually it does not find a
solution at all before ending its execution. If the number of rolls is increased, it is easier to find suitable
rolls, as the possibilities of finding compatibles ones are greater; for example, with 5600 rolls, solutions
are found when the randomly generated actual diameter is among the initial and the final diameters,
being the times very variable, from 2/100 s to more than three.

4. Conclusions

The developed Digital Twin, although it could be improved, is an accurate representation of
the wire rod rolling mill, however, as we stated at the beginning, Digital Twins are never a target by
themselves, but a way of achieving the organization goals. In this case, the organization goal that
wants to be achieved is an upgrading of the rolls selection system by increasing its efficiency.

Future research could compare the performance of several selection algorithms in order to choose
that of greater efficiency. This problem is an example of Constraint Satisfaction Problem, whose natural
way of solving is some kind of Domain-pruning strategy such as the current backtracking algorithm
implemented in the simulator. First approaches could be performed using asynchronous backtracking
algorithm (ABT) [11], an agents distributed algorithm. Following this approach, each stand will be
implemented as an intelligent agent. The method needs a total order among agents, each holding
exactly one variable. In this case, the order is given by the sequence of stands along the rolling mill,
and the variable would be the rolls to be assembled for each stand. During the computation, the agents
sent their assigned values to the agents that are connected to them by outgoing links. This approach
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would give a reference standard to compare with more sophisticated further approaches such as
Reinforcement Learning methods.
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Abstract: The online automatic estimation of the quality of products manufactured in any machining
process without any manual intervention represents an important step toward a more efficient, smarter
manufacturing industry. Machine learning and Convolutional Neural Networks (CNN), in particular,
were used in this study for the monitoring and prediction of the machining quality conditions
in a high-speed milling of stainless steel (AISI 303) using a 3mm tungsten carbide. The quality
was predicted using the Acoustic Emission (AE) signals captured during the cutting operations.
The spectrograms created from the AE signals were provided to the CNN for a 3-class quality level.
A promising average f1-score of 94% was achieved.

Keywords: condition monitoring; machine learning; acoustic emission; milling machines; micro-
manufacturing; quality prediction

1. Introduction

In this paper, we investigate the automatic detection of quality degradation during a milling
machining process by analyzing the acoustic signature of the machining process using neural networks.
Such a degradation is often due to the inevitable tool wear resulting from any metal cutting process.
Typical tool wear is characterized by three stages: break-in, steady state, and failure [1]. Break-in
indicates the rapid process that transforms and wears the tool when it is first used. Afterwards,
and for most of the tool’s lifespan, the tool’s wear increases gradually; here, the tool is in a steady-state
condition. Finally, failure represents a rapidly deterioration phase at the end of the tool’s life.

Reliable continuous quality monitoring would allow real-time decision-making to adjust the
machining process when the process is about to produce an undesired surface quality in the workpiece
(e.g., replacing a machining tool, changing cutting parameters, etc.). In this paper, we investigate
Acoustic Emission (AE) sensors for the indirect monitoring of machining quality. AE sensors are used
to detect the high-frequency waves that are provoked by the metal-cutting process. AEs typically
include a frequency range from 100 to 1 MHz [2]. The analysis of the AE allows the characterization of
the process without a direct observation of the workpiece, thereby possibly avoiding the wasting of
material, tools breaking, and unplanned production stops (unplanned equipment downtime).
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Theoretical Background

The usage of sensors for the monitoring of cutting processes has been studied for several years.
In this context, previous research has demonstrated that the acoustic signals analyzed during an
industrial process can contain features which could be used to automatically estimate the quality
of the process itself [3,4]. If this is compared to traditional manual interventions, AE signals can be
acquired without interfering with the cutting process, and the sensed frequency range is much higher
compared to other sensors such as accelerometers. The previous works used AE (often in combination
with other sensors) for the prediction and monitoring of the state of the surface, gear grinding [5–7],
turning [8,9] and the analysis of scuffing [10]. The surface quality and the tool wear are the variables
that are typically monitored. AE sensors have also been studied in other manufacturing processes,
such as additive manufacturing [3].

Our study is focused on milling machining for high-precision industry (the watch and automotive
industries). Specifically, milling is a machining process that aims to remove material using rotating
cutters. For the analysis of different manufacturing operations, AE sensors have been often used
in combination (or compared with) other sensors, such simpler microphones [11], force and power
measurements [12], vibration acceleration sensing [13,14], and infrared cameras [15] (for a general
survey of data-driven monitoring in the manufacturing process, a reader can refer to the survey
of Xu et al. [16]).

The usage of Acoustic Emission sensors for the monitoring of machining processes has been
investigated for several years, but the recent availability of data-driven learning solutions based on
Machine Learning opens the path to the analysis of larger amounts of data from sensors that have
higher dynamics. Machine Learning approaches have shown potential for making better decisions
to monitor and, finally, to automate the machining process. Different algorithms are used in the
literature, such as Support Vector Machines [11,17], Hidden Markov Models [18], decision trees [14],
and (deep) neural networks (such as Convolutional Neural Networks, Long Short-Term Memory
networks, etc.) [9].

In this study, we want to investigate the machine learning performances that can be achieved
by reducing—at the bare minimum—the pre-processing and feature extraction steps, using only the
information from AE sensors. In a similar work, Krishnan et al. [18] extracted the milling process
signature and used Hidden Markov modelling for the prediction of the tool conditions. Their study
showed a promising correlation between the AE signal features and the tool conditions. In their study,
the features were manually extracted. We focus our study on the usage of Convolutional Neural
Networks (CNN) [19] for the automatic extraction of the relevant features.

The rest of the paper is organized as follows: Section 2 will describe the materials and the
methodology used to acquire the dataset, including the data labeling approach. Section 3 will present
the realized data processing and machine learning architecture. Finally, Section 4 will discuss the
results achieved.

2. Materials, Methods and Data Acquisition

2.1. Materials

A milling machine, called ‘Micro5’ (Figure 1), was used for the cutting process. The Micro5
machine belongs to a novel category of milling machines characterized by their small size and the
related improved efficiency.

The sensor used for the acquisition was a Vallen VS45-H. This sensor is a piezoelectric AE-sensor
with a wide frequency response. This sensor can be used in a frequency range between 40 kHz and
450 kHz. For this project, we limited the maximum sampling rate to 200 kHz. Resulting from our use
of the Nyquist–Shannon sampling theorem, we limited our study to frequencies between 40 kHz and
100 kHz. The AE sensor was placed in direct contact with the raw material, as displayed in the figure
below (Figure 2).
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Figure 1. The Micro5, the milling machine used in this study.

Figure 2. Acoustic emission sensor positioning. As highlighted by the red circle, the AE sensor is glued
to the material that is being machined.

2.2. Methodology: Data Acquisition, Labeling and Classification

For the experimentation, we used a milling machine working with stainless steel (AISI 303) and no
lubrication. A tungsten carbide tool with a 3 mm diameter was used for the machining. The cutting process
consisted in simple linear passes at different heights (creating a stair-shaped workpiece, as illustrated in
Figure 3). Once half of the material was machined, the process was repeated symmetrically. Figure 4
shows the resulting part.

Figure 3. A visual representation of the milling operation investigated in this study. (a) The raw
material before the machining; (b) in black, from the right to the left, the path of the cutting tool. In the
representation, we can observe 5 passes, of which 1 is outside the material, and 4 are in the material–top
view. (c) Removal of the first 2 levels of the material-lateral view.
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Figure 4. Pictures of one of the resulting workpieces.

At the beginning of each experience, the tool is new. The machining ends and the tool is replaced
if one of the following conditions is verified:

1. the tool breaks;
2. the tool is considered ‘too used’ by an expert human;
3. the workpiece is completely machined (6 stairs).

2.3. Milling Dataset

In order to train the supervised machine learning algorithms, the creation of a labeled dataset is
needed. The materials presented in the previous sections were used to realize multiple workpieces;
the acquired data represent the dataset used for the study. Table 1 summarizes the conditions and the
different experiences realized.

Table 1. Summary of the different experiences realized. Only the data from experiences 4, 5 and 6 were
used to train the evaluating Machine Learning solutions.

Experience ID
Spindle Rotation Speed

(Revolutions per Minute)
Number of Stairs

Machined
Quality Label: 0 (Good),
1 (Intermediate), 2 (Bad)

1 0 RPM 0× -
2 29k RPM 0× -
3 35k RPM 0× -
4 29k RPM 6× 0, 0, 0, 1, 1, 1
5 33k RPM 6× 1, 1, 1, 1, 1
6 35k RPM 3× 1, 2, 2

Experiences 1, 2, and 3 did not involve any actual machining. The tool was mounted on the
machine, but the material was not processed. In experience 1, the milling machine was turned
on and the spindle was not turning. In experiences 2 and 3, the spindle was turning at 29,000
and 35,000 revolutions per minute respectively, but the cutting tool was not touching the material.
This allows the characterization of the signal ‘noise’ generated by the machine, rather than by the
contact between the tool and the material. Actual machining with the tool cutting the material was
recorded for experiences 4, 5, and 6. The last column presents the encoding of the observed labels:
0 stands for ‘good quality’, 1 for ‘intermediate quality’, and 2 for ‘bad quality’.

A simple observation of the dataset allows us to notice the impact of the spindle’s rotation speed
on the machining quality degradation. In the given configuration, a lower RPM allowed the process to
maintain a better machining quality for a longer time. A higher RPM quickly degraded the machining
quality (due to faster tool wear).
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2.4. Labeling Approach

In order to label the dataset, the quality of the machining was computed with the help of the
observed surface roughness. As mentioned in the previous paragraph, in this project, we considered
three different quality labels (good, intermediate and poor quality). It is important to highlight that the
process quality was observed and measured only at the end of the machining of the resulting parts.
This implies that the quality of the machining and the related label (used as the ground truth and
labels in the analyses) can be assessed only for the particular steps of the process on the surface of the
remaining material (see Figure 5).

Figure 5. This figure shows the details of a workpiece. The left side was machined with a tool at the
end of its lifespan. The presence of multiple chips in the material indicates that the quality of the stair
edges has deteriorated.

As shown in Table 1, the acquired database is relatively small. The labeling approach generated
only 15 labels, one per stair. In order to augment the labels in the dataset and to make it suitable for
the Machine Learning approach, we decided to extend the labels to each pass through the material
(multiple passes are required to machine one stair). The stair labels were extended to each pass of the
spindle on the material through a linear interpolation. The passes outside the material, when the tool
is moving but it is not touching the material, were removed. This allowed us to increase the number of
labels from 15 to 544.

2.5. Feature Extraction

Instead of using the raw acoustic data directly as our model input, we converted the value of these
sensors into the frequency domain. Several time/frequency transformation approaches were evaluated
(wavelet transformation, constant Q-transformation, etc.); in this paper, we present the results achieved
with a spectrogram based on the Fast Fourier Transform (FFT) approach (1024 FFTs with a window
overlap of 512).

Figure 6 shows an example of 1 minute of the acoustic signal (top part of the figure) and the
resulting spectrogram (bottom part). On the first passes on the left, the tool is not touching the material.
The periodic pattern shows the different passes in the material. Figure 7 zooms in on the spectrogram
generated by one pass.

In the middle of the spectrogram, we can observe a clearer area. This section represents when
the tooling machine is actively machining the material and more frequencies are being captured.
The darker areas represent the machining portions when there is no contact between the tool and
the workpiece. An interesting approach to exploit this data could be to subtract the machine noise
signature from the machining noise; however, this approach has not been explored in this paper.

Finally, before providing the spectrograms to the neural network, the inputs were resized to a
constant size of 126 × 126 points.
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Figure 6. Transformation of the signal from the time domain to the related spectrogram. On the left,
we can observe that the first 5 passes are outside the material (no-machining), the sixth touches the
material only partially, and the following passes characterize the normal machining behavior.

Figure 7. A typical spectrogram of one pass. In the dark blue vertical areas, highlighted by the red
arrows, the tool is outside of the machining area. The color, in log scale, represents the intensity of
the signal.

2.6. Classification

The spectrograms generated by the feature extraction preprocessing can be used as image-like
inputs for the classification task. Image classification is a well-documented problem; today, one of
the most frequently-used approaches for such tasks is the Convolutional Neural Network (CNN).
This deep learning model is trained to automatically recognize patterns in images, and to associate
such patterns with the appropriate label. The architecture of our CNN is as follows: two convolutional
layers, the purpose of which is to extract features from the inputted images, followed by two dense
layers for the classification itself. For the convolutions, 32 and 64 filters, 3× 3, were used respectively for
the first and second layers. The max pooling and dropout layers were used to reduce the computational
cost of the learning, and to reduce the risk of overfitting (a model with high variance and low bias [20]).
The details of the implementations are presented in Appendix A.

In order to assess the training process quality, we decided to adopt a cross-validation approach.
Cross-validation is used in applied machine learning to estimate the quality of a machine learning
model, and it is particularly relevant for small datasets. The goal is to estimate how the model is
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expected to perform when it is used to make predictions on data that are not seen during the training
of the model. The approach used here is a k-folds cross-validation with k = 5. The idea behind the
k-fold validation is to split k times the dataset into training and validation sets. As the name implies,
for each fold, the newly created training set will be used to train the model, while the validation
set (unseen by the model) will be used to evaluate its classification performance. Then, 138 sur 544
images were used in the test set. Among other parameters (such as network complexity), the number
of epochs used to train a dataset affects the bias and variance of a classifier. In particular, the more
epochs are used to train the dataset, the higher the risk of overfitting. A common approach to limit
overfitting is to observe the behavior of the training and validation loss after each epoch during the
whole training process. If the training loss tends to get smaller and smaller while the validation loss
increases, then we can clearly see that the model is starting to memorize the training set instead of
learning general patterns: it is overfitting. The observation of training and validation loss allows for a
deeper understanding of the model’s behaviors; it not only gives insight about whether or not the
model is overfitting, but also about when it started to happen. The knowledge of when the model starts
to overfit allows the use of a technique called early stopping. As the name implies, this will shorten
the training process if necessary. The stopping condition is based on the validation loss and how it
behaves: if—after converging for a while—it starts going back up, then we know the model is starting
to overfit. Categorical cross-entropy was used as the loss function, using Adam as the optimizer.

3. Results

Our classification performances were computed over multiple runs using a confusion matrix
(displayed in Figure 8) and an f1-score on a test set that was unseen during the training phase.
The f1-score (also called the f-measure) is the harmonic mean of the Precision and Recall [21]. Overall,
on these runs, the model achieved an average f1-score of 94% and, as mentioned in the previous section,
we reduced the overfitting risk with the help of a 5-fold cross-validation approach, regularization,
and dropout layers. Since the dataset is unbalanced (labels 0 and 1 are more represented than label 2),
we preferred the f1-score over other metrics, such as accuracy.

Figure 8. Classification performance of the model for one run.

4. Discussion

As shown in the confusion matrix (Figure 8), only a few data points were misclassified by the
neural network solution. In addition, the misclassified points belong to the middle class 1, indicating
an intermediate quality of the machining: the classifier never confuses ‘good’ quality with ‘bad’ quality.
All of the misclassified points were classified with the 0 label; this could be due to the unbalanced
dataset, but further analysis is needed to assess this point.

Concerning the computational performances, the filtering of the signal directly after the acquisition
and the generation the spectrogram can be achieved in pseudo-real time. Considering the typical
length of a machining process (from a few seconds to several minutes), the proposed classifier can
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predict the quality of the machining directly during the process. The AE sensor’s high sampling
frequency leads to a rapidly-growing dataset, even for rather short cutting operations. In this study,
we collected data during the whole processing. However, most of the data are redundant: for instance,
the data at the beginning of a pass are quite similar to the data at the end of the same pass. In order
to shorten the computation time, it can be opportune to reduce the time windows used to generate
the spectrogram to few milliseconds. Instead of collecting data for a whole pass, just a significant
fraction of the data can be collected. These results are extremely promising because they show that it is
possible to detect the quality of a machining process without directly observing the realized workpiece.
This observation has several practical consequences:

• Additional machines to assess the quality can be removed from the production line.
• If the quality estimation can be performed on the fly during the machining, tool breakage and

material and time wastage can be avoided.

Nevertheless, the presented results were achieved in a particular set of conditions, and further
analyses are needed in order to validate these results in a more general context. The current limitations
include:

• The small dataset.
• The fact that realized milling process is simple, as it consists of linear passes repeated at different

heights. More complex cutting operations can generate noise that could be more difficult to analyze.
• Only one type of material was used, along with one type of tool and one type of lubrication

(no lubrication).

In order to address these limitations, we plan to evaluate the model’s performance on a larger
dataset acquired in different machining conditions. The presented 3-class classification problem will be
adapted into a multi-objective regression formulation in order to directly predict the surface roughness
and dimensional quality (given nominal values to achieve for a specific task). From an applied
perspective, the novel approach has the advantage of being easier to adapt to different scenarios.
According to the context of utilization, it will be possible to decide for each specific use case what can
be considered to be ‘good’ or ‘bad’ machining by fixing the appropriate thresholds. For instance, for a
precision workpiece used in the watchmaking industry, minimal variations can have a huge impact
on the functioning of a watch, whereas such strict requirements are not required in other domains,
and the machining constraints can be relaxed.
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Appendix A

The convolution architecture is detailed with the following summary (generated using Keras API,
http://keras.io/ and then adjusted for publication).

Table A1. CNN model summary.

Layer (Type) Output Shape Param #

Conv2D (relu) (None, 126, 126, 32) 320
Conv2D (relu) (None, 124, 124, 64) 18496
MaxPooling2D (None, 62, 62, 64)

Dropout (None, 62, 62, 64)
Flatten (None, 246016)
Dense (None, 128) 31490176

Dropout (None, 128)
Dense (softmax) (None, 3) 387

Total params: 31,509,379
Trainable params: 31,509,379

Non-trainable params: 0
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Abstract: In the current context, the control of the industrial processes continues to be very important,
due to the rapid modification of the economic conditions, the development of production and the
tightening of environmental and safety conditions. This paper presents the technological scheme for
obtaining the saturated steam from superheated steam and proposes Proportional–Integral-Derivative
(PID) controller options based on an internal model, Integral of Time Multiplied by Absolute
Error (ITAE) criterion and Ziegler–Nichols criterion. The simulation tests are performed using the
Matlab software.

Keywords: PID control; internal model control; thermal process; chemical plant

1. Introduction

Due to the existence of an important chemical factory in the Mures, industrial area, the students
and the academic staff have the opportunity to carry out technological installation studies and test the
control possibilities for processes with parameters such as: temperature, level, pressure, flow, pH etc.

Additionally, the chemical engineers require technical knowledge and tools to facilitate their work
in modern technological installations.

Thus, the use of well-defined mathematical modeling methods and advanced monitoring systems
for the industrial process allows high performance analysis. Moreover, an advanced approach involves
the understanding of the dynamic regimes and the feedback and stability concepts used in control
systems analysis.

Such topics are addressed by the specialists in the field of control systems in collaboration with
technological and chemical engineers.

Thus, the mathematical modeling principles for the first-order and high-order systems,
the closed-loop control mechanisms, as well as the tuning techniques for Proportional–Integral-Derivative
(PID) controllers, are developed with significant examples in [1,2].

The mathematical modeling of processes with flow, level, pressure, temperature control, and the
control loops for these parameters is detailed in [3]. In [4], simple and advanced techniques for choosing
and tuning of the PID controllers are presented, including the method based on the internal model.

In [5], the implementation results of an internal model control (IMC), with set-point tracking,
for flow control applications are presented. An internal model control for unstable processes, based on
a standard IMC, is proposed in [6], while [7] presents an IMC system for level control applications
implemented for two interconnected tanks.

An IMC structure for a Multi-Input Multi-Output (MIMO) system, which simultaneously ensures
the decoupling and rejection of the disturbance, is developed in [8]. The sensitivity analysis with IMC
PID controllers, based on the Nyquist stability criterion, is detailed in [9].
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The IMC procedure for Single-Input Single-Output (SISO) systems, which leads to PID controllers
and to variants for nonlinear systems, is detailed in [10,11]. Other tuning algorithms and tuning
techniques are suggestively presented in [12]. The control strategies study can be performed using
dedicated programs and environments, such as Matlab. Significant usage examples are those in [13].

This paper aims to analyze, using simulation, the behavior of a technological installation that
produces saturated steam from superheated steam, with various PID control structures. Section 2
presents the mathematical modeling of a thermal process, and Section 3 details the practical schema of
the steam temperature control in a chemical saturator and the equivalent block diagrams in which the
transfer functions are highlighted. The control principles based on the internal model and the tuning
relations for the automatic controller are detailed in Section 4. The behavior of the process with IMC,
Integral of Time Multiplied by Absolute Error (ITAE) and Ziegler–Nichols controllers is presented in
Section 5, followed by conclusions regarding the obtained performances (Section 6).

2. Mathematical Modeling of a Thermal Process

This is considered the thermal system consisting of a tank with a product which has the input
parameters: F, Ti. The following situations are considered for the output [1–3]:

− The product is delivered for use immediately at the outlet of the tank (Figure 1a);
− The product is delivered for use with a time delay, after passing a pipe of length l, with speed v

(Figure 1b).

 
(a) 

 
(b) 

Figure 1. The thermal system: (a) without delay; (b) with delay.

The mathematical modeling involves determining the relationship between the outlet temperature,
Te(t) and the inlet temperature, Ti(t), considering that there is a heat exchange between the tank and
the environment.

The dynamic equation has the following form:

Fρihi(t) − Fρehe(t) − q(t) =
d
dt
[Vρeu(t)], (1)

where: F is the volumetric flow [m 3 /s]; ρi, ρe—the input/output density of the fluid [kg/m3];
hi, he—the input/output enthalpy of the fluid [J/kg]; q(t)—the heat exchange with the environment;
V—the volume [m3]; u(t)—the internal energy of the fluid [J/kg].

Considering the constant pressure, in terms of temperature, it results in:

FρiciTi(t) − FρeceTe(t) −KTA[Te(t) − Text(t)] = Vρecv
d
dt

Te(t), (2)

where: Ti(t), Te(t) are the input/output temperatures of the fluid/product [oC]; ci, ce—the input/output
caloric capacity (at constant pressure) [J/kgoC]; cv—the specific heat (at constant volume) [J/kgoC];
KT—the thermal transfer coefficient (constant); A—the thermal transfer area [m2]; Text(t)—the
environment temperature [oC].
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For the control strategy, the steady state relation: FρiciTi0 − FρeceTe0 = 0 is considered and the
following infinitesimal variations are defined:

ΔTi(t) = Ti(t) − Ti0
ΔTe(t) = Te(t) − Te0

(3)

The dynamic equation becomes:

Fρici[Ti(t) − Ti0] − Fρece[Te(t) − Te0] −KTA[Te(t) − Te0 − (Text(t) − Text0)] = Vρecv
d
dt
[Te(t) − Te0], (4)

Vρecv
d
dt

ΔTe(t) + (KTA + Fρece)ΔTe(t) = FρiciΔTi(t) + KTAΔText(t), (5)

Vρecv

KTA + Fρece
· d

dt
ΔTe(t) + ΔTe(t) =

Fρici

KTA + Fρece
· ΔTi(t) +

UA
KTA + Fρece

· ΔText(t), (6)

T · d
dt

ΔTe(t) + ΔTe(t) = k1 · ΔTi(t) + k2 · ΔText(t), (7)

where: T =
Vρecv

KTA+Fρece
is the time constant [sec.]; k1, k2—non-dimensional constants.

Any change in the V, F, ce, cv, ρe values will affect the value of the time constant T and will be
seen in the response speed.

Based on the Laplace transformation, it results in:

(Ts + 1) · ΔTe(s) = k1 · ΔTi(s) + k2 · ΔText(s), (8)

ΔTe(s) =
k1

Ts + 1
· ΔTi(s) +

k2

Ts + 1
· ΔText(s). (9)

If the external temperature variation is ΔText(s) = 0, it results in: H1(s) =
k1

Ts+1 , and if ΔTi(s) = 0,

it results in: H2(s) =
k2

Ts+1 , with k1, k2 < 1; k1 >> k2, which means that the Ti signal influences Te much
more than Text does.

If the output product passes through a pipe section, the mathematical model is augmented with
the transport time (time delay), τ = l/v, as follows:

H1(s) =
k1

Ts + 1
· e−τ s, (10)

respectively:

H2(s) =
k2

Ts + 1
· e−τ s. (11)

3. Temperature Control Diagram

The practical control diagram (Figure 2) involves the measurement and transmission of the
product’s output temperature (TT—temperature transmitter), processing this information according
to the control law (TIC—temperature controller) and generating the command signal to the actuator
(TV—temperature valve). In addition, the installation is provided with temperature, pressure and
level indicators (TI, PI, LI) and with a level control loop (LT, LIC, LV) [1,2,4–10,14].

The associated block diagram highlights the transfer functions for: HTC—controller; HTV—actuator;
HP—process with delay time; HTT—temperature transducer/sensor; KSP—gain on the set-point path and
the signals TSP; Te—set-point and output temperatures; ε—error; uTC—command; uTV—manipulation
signal; d—disturbance (Figure 3).
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The closed-loop transfer function is:

H0(s) =
Te(s)

TSP(s)
= KSP

HTCHTVHP

1 + HTCHTVHPHTT
=

HTCHF

1 + HTCHF
, (12)

considering the hypothesis: HTT = KSP s, i HF = HTVHPHTT (Figure 4).

 

Figure 2. The practical diagram implemented for the temperature control [14].

 

Figure 3. The control block diagram.

 

Figure 4. The conventional control block diagram.

4. Design of the IMC Controller

A control solution takes into consideration the uncertainties which affect the process and involves
determining the controller’s structure based on the internal model (IMC) of the process, (Figure 5) [10,11].

The conventional control diagram (Figure 4) and the IMC diagram (Figure 5) are equivalent if the
controllers HTC and H∗TC meet the following condition:

HTC =
H∗TC

1−H∗TCHFm
. (13)
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Figure 5. The internal model control (IMC) control block diagram.

In order to determine the IMC controller:
− the process model, HFm is factored:

HFm = HFm+HFm−, (14)

where: HFm+ contains the time delay and the zeros situated in the right half of the complex plane;
− the IMC controller is designed as:

H∗TC =
1

HFm−
H f il, (15)

where:
H f il =

1
T f ils + 1

, (16)

is a low-pass filter, which reduces the sensitivity of the control system to modeling errors; T f il is a
design parameter.

Considering the transfer function of the process:

HF(s) =
kF

TFs + 1
· e−τ s, (17)

designing the IMC controller depends on the approximation expression of the time delay.
If HFm ≡ HF, meaning that the model and the process model are identical and the Pade

approximation is used as:

e−τ s �
− τ2 s + 1
τ
2 s + 1

, (18)

after replacing it in relationship (17), it results in:

HFm(s) =
kF

TFs + 1
· −
τ
2 s + 1
τ
2 s + 1

=
(
−τ

2
s + 1

)
· kF

(TFs + 1)
(
τ
2 s + 1

) = HFm+HFm−. (19)

The transfer function of the controller (15) becomes:

H∗TC =
(TFs + 1)

(
τ
2 s + 1

)
kF

(
T f ils + 1

) , (20)
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and the equivalent controller (13) has the form:

HTC =
(TFs + 1)

(
τ
2 s + 1

)
kF

(
T f il +

τ
2

)
s

, (21)

with the PID standard expression:

HTC = kP

(
1 +

1
Tis

+ Tds
)
, (22)

where the tuning parameters are:

kP =
1
kF
· 2 TF
τ + 1

2
T f
τ + 1

; Ti =
τ
2
+ TF; Td =

TF

2 TF
τ + 1

. (23)

If the Taylor approximation is used:

e−τ s � −τ s + 1, (24)

the transfer function of the PI controllers is:

HTC = kP

(
1 +

1
Tis

)
, (25)

where the tuning parameters are:

kP =
TF

kF
(
T f il + τ

) ; Ti = TF. (26)

5. Experimental Results and Discussions

Considering the practical diagram implemented for the temperature control (Figure 2) with
the transfer function: HF(s) = 1

100s+1 · e−10 s, different control structures were determined and the
performances were analyzed. Thus, with a PID controller (22) and the tuning parameters described
by (23), respectively, with a Proportional–Integral (PI) controller (25) and the tuning parameters (26),
the indicial responses in Figure 6 were obtained [13].

Using a PI controller (25) and the ITAE criterion for tuning the parameters (set-point tracking),

where, according to [12]: kP = 0.586
k f

(
τ

T f

)−0.916
; Ti =

T f

1.030−0.165(τ/T f )
, the indicial response in Figure 7a

was obtained, presented in comparison to the indicial response obtained with IMC PI controller.

According to Ziegler–Nichols criterion, the tuning parameters of the PI controller are [4]: kP = 0.9
k f

(
τ

T f

)−1
;

Ti = 3.3 · τ.
The indicial responses of the closed loop system, obtained with IMC PI controller and with

Ziegler–Nichols controller, are shown in Figure 7b, while the noise and error sensitivity functions are
presented Figure 8.
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(a) 

 
(b) 

Figure 6. The indicial responses with IMC: (a) Proportional–Integral-Derivative (PID); (b) pressure
indicator (PI).

 
(a) 

 
(b) 

Figure 7. The indicial responses with PI controllers: (a) IMC and Integral of Time Multiplied by
Absolute Error (ITAE); (b) IMC and Ziegler–Nichols.

 
(a) 

 
(b) 

Figure 8. The sensitivity functions: (a) S = 1/(HRHF); (b) R = HRS.

6. Conclusions

The paper presents a mathematical model of the tank used in a chemical plant for obtaining the
saturated steam from superheated steam and proposes different PID controllers, implemented for the
temperature control.
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Due to a very large overshoot, the use of the Ziegler–Nichols determined controller is not
recommended. The controller designed by the ITAE criterion offers good performances, both in steady
state and in transient regimes.

In the case of designing the IMC controllers described by (22) with approximation (18) for time
delay and (25) with approximation (24) for time delay, the T f il parameter influences the transient
regime performances of the closed loop system. By varying the parameter T f il, the time response can
be changed relatively easily, adequately influencing the overshoot of the control system.
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Abstract: An important stage in robust control design is to define the desired performances of the
closed loop control system using the models of the frequency sensitivity functions S. If the frequency
sensitivity functions remain within the limits imposed by these models, the control performances are
met. In terms of the sensitivity functions, the specifications include: shape of S over selected frequency
ranges, peak magnitude of S, bandwidth frequency, and tracking error at selected frequencies. In this
context, this paper presents a study of the effects of the specifications of the weighting functions on
the performances of robust control systems.

Keywords: H-infinity synthesis; robust control; robust performances; sensitivity functions;
weighting functions

1. Introduction

In general, the design objectives of any control system are defined using different models which
implement the desired responses to a specified reference. So, the closed-loop control system becomes
stable, achieves the imposed performances, rejects the disturbances and measurement noise, and avoids
the saturation of actuators, even in the presence of modeling uncertainties or change in the operating
point [1–5].

In the H-infinity synthesis, the objectives refer to the optimization of the H-infinity norm of the
closed-loop system, considering all the external input variables (references, disturbances, noises) and
all the output variables according to the block diagram from Figure 1, where: Hp(s) and HR(s) are
the plant and controller transfer functions, r—reference input, e—control error, yr—feedback signal,
y—the plant output, u—control signal, v, l—disturbances, and η—measurement noise.

Figure 1. Block diagram of the closed-loop system.
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The input–output behavior of the system is characterized by the energy transfer from the external
variables r, v, η, l to the output variable y (and sometime to the control variable u). Considering the
relation Hd(s) = HR(s)Hp(s), there are four important transfer functions to fully describe the system:

• The sensitivity function S( jω) = [1 + Hd( jω)]−1;

• The complementary sensitivity function T( jω) = Hd( jω) · [1 + Hd( jω)]−1 = Hd( jω)S( jω);

• The noise sensitivity function RS( jω) = HR( jω) · [1 + Hd( jω)]−1 = HR( jω)S( jω);

• The load sensitivity function PS( jω) = Hp( jω)[1 + Hd( jω)]−1 = Hp( jω) · S( jω).

If l = 0, the relations between y and r, v, η, respectively, between e and r, v, η are given by:

y =
Hd(s)

1 + Hd(s)
· r− Hd(s)

1 + Hd(s)
· η+ 1

1 + Hd(s)
· v = T · r− T · η+ S · v, (1)

e =
1

1 + Hd(s)
· r− 1

1 + Hd(s)
· v + Hd(s)

1 + Hd(s)
· η = S · r− S · v + T · η (2)

The sensitivity function S describes the input–output behavior from input v to the output y, if the
other input variables are r = 0, η = 0, l = 0. In (1), if η = 0, T = 1, S = 0, the reference tracking and
disturbance rejection result.

In the block diagram from Figure 1, it is often necessary to include some weighting cost functions,
chosen to reflect the design objectives and information about noise and disturbance [5]. The modified
block diagram including these weighting functions is presented in Figure 2.

Figure 2. Block diagram of the closed-loop system including the weighting functions.

Although there are some recommendations for choosing the weighting functions, these depend
on the designer skills and involves several iterations until a final form is achieved, which guarantees
the control performances imposed to the closed loop system.

The paper [6] presents the robust analysis of a positioning control system where the weighting-
functions-based tuning method simplifies the H-infinity design procedure. In [7], the μ-synthesis robust
design method is used for a multi-model control problem. The selection of the weighting functions is
made for low, medium and high frequencies. The studies from [8] presents the disadvantages of the
H-infinity design method. At the same time, the authors had chosen the weighting functions for the
μ-synthesis of a Proportional-Integrative (PI) controller, in order to improve the performances of the
robust system.

A theoretical guide for choosing the weighting functions and the design procedure which assures
the system gains are developed in the paper [1].

The paper [9] is focused on determining the weighting functions under two aspects: initial selection
and tuning procedure which improves the performances of the closed-loop system. An interesting
procedure for choosing the weighting functions for the optimal H-infinity design formulated as an
optimization problem is presented in [10]. The paper [11] contains the synthesis issue for a nominal
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controller with unstable weighting functions. The authors proposed a simplification of the robust
controller design procedure.

The papers [2,12,13] present some techniques for choosing the weighting functions, reducing the
order of the transfer functions and designing the robust controllers using the Matlab Toolbox.
Robust control methods are developed in [3,4] for both linear and nonlinear systems, and approaches
of robust control theory based on weighting functions are also addressed in [5].

In [14], the authors proposed a weighting function modeling method which is used in H infinity
loop-shaping design and tested in the numerical simulation. Other methodologies for selecting
the sensitivity functions are shown in [15]. For multiple input multiple output (MIMO) systems,
an application of choosing the reduced order weighting function is developed in [16].

The paper presents in Sections 2 and 3 the models for choosing the weighting functions in
accordance with the robust theory, a short analysis of two of these models (S and RS) and the influence
of some parameters (magnitude, bandwidth frequency, tracking error). Section 4 contains the analysis
of the performances of the closed-loop control system which depend on the parameters of the weighting
functions. The conclusions are highlighted in Section 5.

2. Recommendations for Choosing the Models for the Weighting Functions

The robustness performance requirements depend on the sensitivity functions, whose specifications
are included in the frequency behavior models. If these sensitivity functions remain inside the imposed
limits, the robustness objectives are met [2–5].

So, for a standard second order model, the sensitivity function depends on the damping ratio and
natural frequency according to Figure 3a and relation:

S(s) =
s2 + 2ξωns

s2 + 2ξωns +ω2
n

. (3)

 

 

(a) (b) 

=0.051 

=1 

Figure 3. Damping ratio effect on: (a) sensitivity function; (b) magnitude (peak sensitivity).

On the other hand, the magnitude MS depends on the damping ratio, according to the relation:

MS := ‖S‖∞ =
x
√

x2 + 4ξ2√
4x2ξ2 + (1− x2)2

,x =

√
0.5 + 0.5

√
1 + 8ξ2. (4)
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As a result, the performance specifications can be given by:

∣∣∣S(s)∣∣∣ ≤ ∣∣∣∣∣ s
s/MS +ωbs

∣∣∣∣∣, s = jω, ∀ω,ωbs is the bandwidth. (5)

In the ideal case, relation |WeS| ≤ 1 provides the reference tracking to a step input signal (and a
zero steady state control error), meaning:

We ≤ s/MS +ωbs
s

. (6)

Important for the practical situations is to have a steady state error less than an imposed value
(
∣∣∣S(0)∣∣∣ ≤ εS). Thus, it is sufficient to choose

∣∣∣We(0)
∣∣∣ ≥ 1/εS (εS is the tracking error), which can be

achieved by correcting Function (6) with the modified form:

We(s) =
s

MS
+ωbs

s +ωbsεS
(7)

A proper design in terms of the sensitivity function is obtained if both conditions imposed to ωbs
and MS are satisfied according to the relations:

∥∥∥We( jω)S( jω)
∥∥∥∞ ≤ 1,

∥∥∥S( jω)
∥∥∥∞ ≤ 1

We( jω)
, (8)

where the upper limit (Figure 4a) is:
1

We(s)
=

s +ωbsεS
s

MS
+ωbs

. (9)

 
 

(a) (b) 

Figure 4. Design models for: (a) S(jω); (b) RS(jω).

For improved performances, Model (7) may have a higher order, as follows:

We(s) =

⎛⎜⎜⎜⎜⎝
s

MS
+ωbs

s +ωbsεS

⎞⎟⎟⎟⎟⎠
k

, k ≥ 1. (10)

For the noise sensitivity function, the weighting function Wu(s) is chosen, which influences the
control signal, u, according to the relations:

Wu(s) =
s + ωbu

Mu

εus +ωbu
,
∥∥∥Wu( jω)RS( jω)

∥∥∥∞ ≤ 1,
∥∥∥RS( jω)

∥∥∥∞ ≤ 1
Wu( jω)

. (11)
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where Mu, ωbu, εu are the maximum gain, the bandwidth and the error. The upper limit is:

1
Wu(s)

=
εus +ωbu

s +ωbu/Mu
. (12)

The magnitude of |RS| on low frequency is essential to limit the control signal.
The procedure is similar for the complementary sensitivity function and the load sensitivity function.

3. The Effect of the Parameters on the Weighting Functions

Several possibilities may be used in order to design the weighting functions. One possible choice
is to consider a combination of cost functions providing the mixed-sensitivity formulation.

Figures 5 and 6 show the behaviors imposed using the functions 1/We(s), Equation (9), and 1/Wu(s),
Equation (12), considering different values of the parameters MS, ωbs, εS, Mu, ωbu, εu [8,16].

 

 

MS=10 

MS=1 

bs=1 S=0.01 

S=0.1 

S=0.01 

MS=1 bs=1 

bs=1 

bs=100 

MS=1 S=0.01 

1/We1: MS=21/2 

bs=101/2 S=0.011/2 

1/We:MS=2 

bs=10 S=0.01 

1/We
2 

Figure 5. Models imposed with function 1/We(s).
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MS=10 

Mu=1 

bu=1 u=0.01 

u=0.1 

u=0.01 

Mu=1 bu=1 

bu=1 
bu=100 

Mu=1 u=0.01 

1/Wu
2 

1/Wu1: Mu=21/2 

bu=101/2 u=0.011/2 

1/Wu: Mu=2 

bu=10 u=0.01 

Figure 6. Models imposed with function 1/Wu(s).

The study of the dependencies on the shape of the weighting functions We(s) and Wu(s) highlights
the importance of the following values for the magnitude MS, Mu = 1, 2, 3, bandwidthωbs, ωbu = 1, 2
and errors εS, εu > 0.01.

4. Results of the Analysis of the Closed-Loop Control System

The main objectives required in the control system (defined by the block diagram with the
weighting functions from Figure 7) are: good reference tracking and a limited control signal [1–5].

Figure 7. Control diagram with the weighting functions.

The robust design consists in determining the controller HR so that the H-infinity norm of the
closed-loop transfer function is less than a positive number (γ):∥∥∥∥∥∥ WeS

WuHRS

∥∥∥∥∥∥∞ < γ (13)
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The plant model used for the case study of the closed-loop system from Figure 7 is described by
the transfer function Hp(s) = 2

s2+0.05s+0.2 .
The block diagram also includes the weighting functions and the controller designed using the

H-infinity synthesis. The simulations from Figures 8 and 9 show the behaviors of the system [13].

 

 

MS=20 

MS=1 

We:MS=1,2,20 

bs=3 S=0.001 

 

Wu: Mu=3 

bu=5 u=0.001 

bs=30 

bs=1 

We: MS=2 

bs=1,3,30 S=0.001 

 

Wu: Mu=3 

bu=5 u=0.001 

S=0.001 

S=0.1 We: MS=2 

bs=3 S=0.1,0.01, 0.001 

 

Wu: Mu=3 

bu=5 u=0.001 

/We(j ) 
S(j ) 

We: MS=2, bs=3, S=0.001 

/We(j ) 

RS(j ) 
Wu: Mu=3, bu=5, u=0.001 

Figure 8. Responses to the step input considering different weighting functions 1/We(s).
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Mu=1 We: MS=2 
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Wu: Mu=1,2,20 

bu=5 u=0.001 

bu=50 
bu=5 

We: MS=2 

bs=3 S=0.001 

 

Wu: Mu=3 
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u=0.001 

We: MS=2 

bs=3 S=0.001 
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Figure 9. Responses to the step input considering different weighting functions 1/Wu(s).
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5. Conclusions

In this paper, a short study of the effects of the weighting functions on the performances of the
robust control systems was presented.

In this context, the basic requirements imposed to the control system (from Figure 1) were:

• Reducing the control error, rejecting the disturbances and ensuring the desired performances;
• Reducing the effect of the variations of the parameters in the open-loop system on the transition to

the closed-loop system, i.e., ensuring the robustness of the control system in case of uncertainties.

In the robust control diagram (Figure 2), the performances regarding the reference tracking,
disturbances and measurement noise rejection and control signal effort should be achieved for
each external input r, v, η, l, whose energy does not exceed a predetermined value. As a result,
weighting functions must be properly designed and used.

So, for the weighting function We(s):

• Increasing the MS leads to a higher overshoot; reasonable values for the overshoot and for the
gain (robustness) margin are obtained for MS ≤ 2;

• Increasing the ωbs leads to a lower transient time, meaning a faster response of the closed-loop
system and a quick rejection of the disturbances; a higher value for ωbs highlights a closed-loop
system which is more sensitive to disturbances and parameter variations; a low value for ωbs
indicates a longer response time and a more robust system;

• A low value imposed to the εS (e.g., εS = 0.1) leads to a high steady state error; so, the recommended
value is εS > 0.01 (e.g., εS = 0.001, 0.0001). At the same time, for the weighting function Wu(s):

• Mu it is chosen according to the restrictions imposed to the actuator; increasing the Mu leads to a
higher overshoot and a reasonable value is obtained for Mu ≤ 2;

• Increasing the ωbu leads to a lower response time of the closed-loop system; a lower value of ωbu
assures a better limitation of the measurement noise;

• The value of εu does not significantly influence the performances of the closed-loop system.
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Abstract: Classification in discrete object space is a widely used machine learning technique. In this
case, we can construct a rule set using attribute level implication rules. In this paper, we apply the
technique of formal concept analysis to generate the rule base of the classification. This approach
is suitable for cases where the number of possible attribute subsets is limited. For testing of this
approach, we investigated the problem of the part of speech prediction in natural language texts.
The proposed model provides a better accuracy and execution cost than the baseline back-propagation
neural network method.

Keywords: machine learning; morphological classification; formal concept analysis; natural
language processing

1. Introduction

In the area of machine learning, classification is the most widely used technology. In the case of
classification, we have an object space O, where every object o ∈ O is given by a set of attribute–value
pairs, and the objects are assigned to a category/class value:

O =
{
(
{
(a, v)

}
, c)

∣∣∣a ∈ A, v ∈ Doma, c ∈ C
}
, (1)

where A denotes the attribute set and C is the category set. The main goal of the classifier is to generate
a prediction function:

fC :
{{
(a, v)

}}→ C, (2)

where fc assigns a category value for every attribute–value pair set of the problem domain.
A special case of the classification problem is when the Doma sets contain only discrete values.

Such discrete domains can be found among others in assignment problems, permutation to perform
efficient classification in discrete domain space. Among the most widely known candidates, we can
mention the decision tree classifier and the neural network classifier.

Neural network (NN) [1] classifiers are based on composition of elementary binary perceptron
classifiers using separation hyperplanes. The elementary classification nodes are structured into a
network where the nodes are connected by weighted directed edges. In the simplest case, the output
of a node is given by:

sigmoid
{∑

i
wi·si + b

}
(3)

where wi denotes the edge weight values, si is the notation for signal strength and b is a bias value.
During the training process, the weight values are adjusted to produce a minimal misclassification
error. In the case of Back-propagation NN, the input is given by a feature vector and the output is
a category vector. The network contains only one hidden layer. Besides this simple classification
network, many other special complex network structures were developed in recent years. For the
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classification of multi-dimensional objects, the convolutional NN models provide an efficient solution.
For the handling of sequences such as words or transaction events, the family of recurrent networks is
the suitable tool. The LSTM (long-term short-term memory) NN are very popular in the domain of
natural language processing.

In the case of decision trees [2], each child node corresponds to a distinct attribute value. As the
child node set is discrete, thus also the attribute value set is assumed to be discrete. In the ID3 decision
tree construction methods, the attribute with the smallest weighted entropy is selected:

argmina
{
entropy

({
p(i,a)

})}
(4)

where the entropy refers to the homogeneity level of the category (class label) distribution.
The decision process of a decision tree can be represented by a set of logical formulas of the form:

I f a1 = v1 ∧ a2 = v2 ∧ . . .∧ am = vm then category = c (5)

If we consider all formulas related to a decision tree, we can see that attribute a1 is contained in all
formulas, while the last attribute is used only in few formulas. The decision tree constructs a priority
order of the attributes.

A more general ruleset can be constructed if we consider not a decision tree, but a decision
lattice. The theory of Formal Concept Analysis (FCA) can be used to construct a decision lattice as
generalization of the decision tree.

In the next section, the basic concepts of formal concept analysis are presented. This formalism is
used to generate the frequent attribute patterns in the training set. Section 3 introduces a morphological
classification model based on the concept lattice approach. The results of the experimental tests on
efficiency comparison are analyzed in Section 4.

2. Classification with FCA

The theory of Formal Concept Analysis (FCA) [3] provides a tool for conceptualization in an
object–attribute relational context. A formal concept corresponds to a pair of related closed sets.
The first component containing objects is called the extent part, while the second component containing
attributes is the intent part. Formal concepts created from the context can be structured into a concept
lattice based on the set containment relationship. The ordering among the lattice elements can be
considered as a specialization and generalization relationship among the concepts. The roots of FCA
originate in the theory of Galois connections [4] and in the applied lattice and order theory developed
later by Birkhoff [5]. The terminology and theoretical foundation of FCA was introduced and built up
in the 1980s by Rudolf Wille and Bernhard Ganter [6].

In FCA, two special, partially ordered sets are considered, namely, G is the set of objects and M is
the set of attributes. The corresponding fixpoints are called formal concepts, which are built up from a
matching pair of object and attribute sets. Using the notations defined in [7], the terminology of FCA
can be summarized in the following way:

A formal context is defined as a triplet 〈G, M, I〉, where I is a binary relation between G and M.
The condition (x, y) ∈ I is met if and only if the attribute y is true for the object x. Two derivation
operators are introduced as mappings between the powersets of G and M. For A ⊆ G, B ⊆M:

f (A) = AI =
{
m ∈M∨∀g ∈ A : (g, m) ∈ I

}
f (A) = AI =

{
m ∈M∨∀g ∈ A : (g, m) ∈ I

} (6)

For a context 〈G, M, I〉, a formal concept is defined as a pair (A, B), where A ⊆ G, B ⊆ M, A = BI,
B = AI are met. The composition of these derivations is closure operator. Regarding this derivation,
the components of a formal concept satisfy the A = AII, B = BII conditions, too. The A component is
called the extent of the concept, while B is the intent part.
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On the set of formal concepts, C, generated from the context 〈G, M, I〉, a partial ordering relation is
defined in the following way:

(A1, B1) � (A2, B2)⇔ A1 ⊆ A2 (7)

FCA can be used also as a classification tool in Machine Learning [8,9]. In classification problems,
the context is extended with a category attribute and the lattice is used similarly to a decision tree,
where the tree leaves correspond to the maximal consistent concepts of the lattice. A pioneer work on
the application of concept lattices in retrieval of semantic information is presented in [10]. The area of
FCA-based classification is nowadays an active research problem domain [11,12].

Taking an object (
{
(a, v)

}
, c) from the training set, we can convert the information on the object

into the following implication rule:

a1 = v1 ∧ a2 = v2 ∧ . . .∧ am = vm ⇒ c (8)

Thus, the training set can be considered as a ruleset. The objects usually correspond to the atomic
nodes in the FCA lattice. Every node in the lattice can be constructed as the intersection of some
object-level nodes of the lattice, resulting a node of the following form:

a1 = v1 ∧ a2 = v2 ∧ . . .∧ am = vm ⇒ c1 ∨ c2 ∨ . . .∨ ck (9)

where a1 = v1, a2 = v2, . . . , am = vm are present in every operand node of the intersection. If the right
side of the rule contains only one class label, then this node is called the consistent node.

a1 = v1 ∧ a2 = v2 ∧ . . .∧ am = vm ⇒ c (10)

Among the consistent nodes of the lattice, a special role is assigned to the maximal consistent
nodes having a minimal attribute set. A consistent node

a1 = v1 ∧ a2 = v2 ∧ . . .∧ am = vm ⇒ c (11)

is maximal if none of the attribute–value pairs can be removed without breaking the rule.
The set of maximal consistent nodes is considered as the core ruleset for the classification process.

The concept lattice structure can be used to generate the elements of the core ruleset. The naive way
to generate the lattice is to perform all intersections on the lattice elements. The main bottleneck
of this approach is that the size of the lattice and the number of required intersections can be very
huge. In the survey paper of [13], the efficiency of two popular methods, CbO and the NextClosure,
is investigated. It is shown that the most efficient lattice construction methods have a theoretical
complexity of O

(
N2MC

)
(see Figure 1). Theoretically, the value of C is bound by 2M, but usually the

density of the training set is lower, yielding a smaller lattice. A sharper theoretical upper bound
was shown by Prisner in [14] and by Albano Chornomaz in [15]. They investigated a special type of
context, the contranomial scale free context involving both theoretical analysis and test experiments.
They could show that the execution cost is in general of polynomial shape and in the worst case of
exponential shape.

Based on these cost properties, the processing of all possible intersections is implausible in
acceptable time. Thus, to apply an FCA-based classification for problem domains with several millions
of objects, we need an optimized and simplified method to determine the maximal consistent elements.
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Figure 1. Execution cost function (N = 1000, M = 100) for left side; (M = 150, density level = 7)
for right side.

3. Cost Reduction Methods for FCA-Based NLP POS Classifiers

In FCA, the main goal is to construct all possible formal concepts from the input object set. In the
prediction task, we do not need all implication rules—one matching rule may be enough to determine
the related class label. Thus, in the construction of FCA-based classifiers, we require only a subset of the
all possible concept nodes. The relevance of a node can be given with the following three parameters:

• Support level (the size of the extension component, the number of matching objects);
• Heterogeneity level (regarding the class labels);
• Generalization ability (length of the generalization path).

In the classic approach, the engine builds up first the whole concept lattice. The maximal consistent
nodes are selected from this lattice using a top-down traversing approach. In the lattice, the top
node is usually inconsistent while the atomic nodes are usually consistent. The standard way of
lattice construction is to process the atomic nodes first and generate the more general concepts later.
This process corresponds to a bottom-up approach.

In the proposed method, the support level is also an important factor, as we need such rules that
can cover a larger set of objects. Using rules with large support values results in a reduced ruleset.

We allow also inconsistent nodes in the lattice as in some cases only the atoms are consistent.
Thus, the method yields a probability distribution of the different classes.

In the case of part of speech classifiers (NLP POS) [16], the classifier engine determines the
grammatical category of the input words. We have analyzed the POS prediction for the Hungarian
language, where we use eight basic POS units (noun, verb, adjective, adverb, article, conjunction,
number, date) and 42 compound POS units. The composite POS labels are coming from the fact that
some word forms have different meaning with different POS labels. For example, the word vár can be
a verb (to wait) or a noun (castle).

For the representation of the words, we have used the character sequence format, thus for the
word almákat, the corresponding letters (a, l, m, á, k, a, t) are the description attributes. A special
constraint is used in our model, namely, we allow only a subset of the word subsequences as attribute
tuples used in the generalization process. For example, for the word almákat, only the following strings
are valid attribute subsets:

t#, at#, kat#, ákat#, mákat#, lmákat#, almákat#

where symbol # denotes the terminal symbol.
With this kind of simplification, for a word with a length of n characters, the number of possible

subsets is equal to O(n), instead of the usual subset count O(2n). Thus, the number of concept
nodes is linear with total number of characters in the word set. This means that we can process all
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candidate nodes in a linear time to generate the maximal consistent nodes. Based on this consideration,
we constructed the following algorithm to generate all maximal consistent nodes.

SDict = dictionary()
For all word (w) in the training set:

S = generate all substrings of w
for each s in S:

h = class_homogeneity (s)
f = support(s)

merge (s,h,f) into SDict
In the merge process, the cost frequency distribution of s is aggregated to the existing (h,f ) values

in the dictionary.
In the purging process, we can eliminate nodes having a weaker relevance value.

for all (s,h,f) in SDict:
w = w(h,f)
if w < w_limit:

remote (s,h,f,) from SDict
The reduced dictionary can be used as rule space, every node as separate role of the form

fc :
{{
(a, v)

}}→ C (12)

In the prediction phase, we perform a nearest neighbor classification process. In the first step,
the set of subset stings is generated for the query word on the standard way mentioned previously.
Then, for each substring s, the entry for s in the dictionary is located. Every entry contains also a
class distribution vector; thus, we can calculate an aggregated class distribution for the query word.
The winner category is the class with the highest probability.

4. Experimental Results

For the tests, we have used a training set containing 2,200,000 word-entries with POS value.
For the baseline method, we have selected the back-propagation neural network and the LSTM neural
network engine. In the tests, first we used a character-level representation of the words to compare
to baseline neural network classifiers: standard back-propagation network and the LSTM recurrent
network. Both NN units were implemented in Python Keras framework. The test results were a bit
surprising as both NN engines provided very similar accuracy, near 70% for the case when the size of
training set was 250,000. For the test, we have used a disjoint sample of 250,000 items. This experiment
has shown that the sequence approach is not superior to the standard classification approach for our
problem domain.

Later, we have introduced a different representation approach, where an extended character
representation form was used. In this approach, the feature vector also contained the phonetical
attributes of the characters. Using this approach, the NN engines could achieve 86% accuracy,
while the combined pattern matching, the NN method, could reach a 96% accuracy. The test results
are summarized in Table 1. In the table, PM denotes our proposed method and symbol NN is for the
neural network approach.

Table 1. Efficiency comparison of the proposed method (PM) with neural network (NN)classifiers.

Method NN t-Time PM t-Time NN Accuracy PM Accuracy

90% train, 10% test 130 min 6 min 86% 96%
60% train, 10% test 80 min 4 min 86% 96%
3% train, 10% test 2 min 0.7 min 86% 95%
1% train, 10% test 1.5 min 0.5 min 85% 93%

0.3% train, 10% test 1 min 0.4 min 84% 91%
0.1% train, 10% test 0.6 min 0.3 min 82% 87%
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In the tests, we have investigated two factors:

• Accuracy;
• Model construction time.

Based on the performed test experiments, we experienced two surprising results:

• The proposed model provides a significantly better classification accuracy;
• The model’s construction in the proposed method is significantly faster than in the NN approach.

5. Conclusions

The FCA concept–lattice-based structure can be used also in classification problems where the
maximal consistent nodes are basic rules for the prediction process. The FCA-based approach is
suitable for cases where the number of possible attribute subsets is limited. In this paper, we introduced
the adaption of the FCA-based classifier to solve an NLP-POS classification problem. Based on the
test experiments, the proposed model provides a better accuracy and execution cost than the baseline
back-propagation neural network method.
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Abstract: For transition of a supercritical flow into a subcritical flow in an open channel, a hydraulic
jump phenomenon is used. Different shaped channels are used as useful tools in the extra energy
dissipation of the hydraulic jump. Accurate prediction of relative energy dissipation is important in
designing hydraulic structures. The aim of this paper is to assess the capability of a Kernel extreme
Learning Machine (KELM) meta-model approach in predicting the energy dissipation in different
shaped channels (i.e., rectangular and trapezoidal channels). Different experimental data series were
used to develop the models. The obtained results approved the capability of the KELM model in
predicting the energy dissipation. Results showed that the rectangular channel led to better outcomes.
Based on the results obtained for the rectangular and trapezoidal channels, the combination of Fr1,
(y2-y1)/y1, and W/Z parameters performed more successfully. Also, comparison between KELM
and the Artificial Neural Networks (ANN) approach showed that KELM is more successful in the
predicting process.

Keywords: energy dissipation; different shapes channels; KELM; strip rough elements

1. Introduction

For transition of a supercritical flow into a subcritical flow in an open channel, a hydraulic jump
phenomenon is used. Hydraulic jumps can occur downstream of hydraulic structures, such as normal
weirs, gates, and ogee spillways. It is considered as rapidly varying flow, and this type of flow
regime transformation is associated with severe turbulence and flow energy dissipation [1]. Based on
the energy dissipating action of hydraulic jumps, the stilling basin is one of the possible solutions
which may be adopted. In order to design an optimal hydraulic structure, different devices such as
sills, baffle blocks, end sills, roughness elements, and roller buckets are used in hydraulic structures.
However, modeling hydraulic jump characteristics is of great importance since it plays an important
role in designing hydraulic structures. Thus far, various studies have been done to explain the complex
phenomenon of the hydraulic jump and to estimate its characteristics. Bhutto et al. developed a
semi-empirical equation for calculating the sequent depth and relative energy loss ratio in sloping and
horizontal rectangular channels [2]. Finnemore et al. stated that the Froude number has significant
impact on the characteristics of the hydraulic jump [3]. The impact of wall friction on the sequent
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depth ratio was studied by Hager and Bremen [4]. Ayanlar investigated the hydraulic jump properties
in channels with corrugated beds [5]. Bilgin collected some experiments in a channel with smooth
bed in order to investigate the distribution of shear stress for turbulent flow [6]. However, due to the
complexity and uncertainty of the hydraulic jump phenomenon, the results of the classical models are
not general and under variable conditions do not present the same results. Therefore, it is essential
to use other methods that show more accuracy in predicting the energy dissipation in channels with
different shapes and rough elements.

The Meta model approaches such as Artificial Neural Networks (ANNs), Neuro-Fuzzy models
(NF), Genetic Programming (GP), Kernel extreme Learning Machine (KELM), and Support Vector
Machine (SVM), have been applied in investigating the hydraulic and hydrologic complex phenomena
in recent decades. Prediction of total bedload [7], urban flash flood forecast [8], precipitation
forecasting [9], modeling flow resistance in open channels with dune bedform [10], developing
stage-discharge curves [11], and predicting of bedload in sewer pipes [12], are some examples of the
applications of Meta model approaches.

The aim of the present study is to assess the capability of KELM as an effective kernel-based
approach in modeling energy dissipation in channels with different shapes (i.e., rectangular channel
with strip and staggered elements and trapezoidal channel with strip elements). Different inputs
combinations were considered, and the impact of hydraulic characteristics and channels geometry
was assessed. In addition, the capability of the KELM approach was compared with the ANN
meta-model approach.

2. Materials and Methods

2.1. Used Data Sets

In this study, the experimental data of Simsik (2006) and Evcimen (2012) studies were used for
prediction goals [13,14]. Simsik used prismatic roughness elements with different arrangements in
a rectangular channel to investigate the impact of these elements on hydraulic jump characteristics.
Two types of roughness elements with stripe and staggered arrangements were used during experiments.
The experiments of Evcimen were done at the hydraulic laboratory of the Middle East Technical
University, which were intended for hydraulic jump in trapezoidal channels, and the impact of
prismatic roughness on hydraulic jump was assessed. The used experimental data ranges are given in
Table 1. To compare the performance of applied models, the total data were divided into two sets:
the training and testing sets. Seventy-five-percent of the whole data were used for training the models
and the last 25% of data were used for testing the models. The training set trains the scheme on the
basis of a minimization criterion and the testing set is used to evaluate the generated model and assess
its generalization capability

Table 1. The experimental data used in the study.

Researcher
Channel

Shape
Rough Element
Arrangement

Fr1 (Froude
Number)

W (cm) Space
between Elements

Y Sequence
Depth

Z (cm)
Height of
Elements

Simsik
(2006) Rectangular Strip and

staggered 2.13–11.92 3–9 2.5–14.8 1

Evcimen
(2012) Trapezoidal Strip 3.92–13.28 2–10 4.15–14.9 1–3

2.2. Kernel Extreme Learning Machine (KELM)

ELM is a Single Layer Feed Forward Neural Network (SLFFNN) preparing method initially
introduced by Huang et al. [15]. SLFFNN is a straight framework where information weights linked to
hidden neurons and hidden layer biases are haphazardly chosen, while the weights among the hidden
nodes are resolved logically (see Figure 1). This strategy likewise has preferred execution and adapts
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progressively over the bygone era learning methods [15]. In light of the fact that, unlike traditional
techniques, which involve numerous variables to set up, demonstrating a complex issue utilizing this
technique does not need much human intercession to accomplish ideal parameters. The standard
single-layer neural system with N random information (xi, yi) (where xi = [xi1, xi2, . . . , xin]

T ∈ Rn,
yi =

[
yi1, yi2, . . . , yim

]
T ∈ Rm), M hidden neurons, and the active function f(a) is shown as follow:

M∑
i=1

ϕif(wixj+ci)=Oj j = 1, 2, . . . , N (1)

where wi = [wi1, wi2, . . . , win]
T is the weight vector that joins the input layer to the hidden layer,

ϕi = [ϕi1,ϕi2, . . . ,ϕim]T is the weight vector that joins hidden layer to the target layer. ci shows the
hidden neuron biases. The general SLFFNN network aim is minimizing the difference between the
predicted (Oj) and target (tj) values which can be expressed as below:

M∑
i=1

ϕif(wixj+ci)=Tj j = 1, 2, . . . , N (2)

 
Figure 1. Single hidden Layer Feedforward Neural network.

The Equation (2) can be summarized as:

Hϕ = T (3)

where

H(w1, . . . , wM, c1, . . . , cM, x1, . . . , xN) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
f(w1x1 + c1 . . . f(wMxM + cM)

. . .
f(w1xN + c1 . . . f(wMxM + cM)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (4)

T =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
T1

T

.

.
TM

T

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, ϕ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ϕ1

T

.

.
ϕM

T

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (5)

The matrix T is identified as the target matrix of the hidden layers of the neural network. H is
considered as output matrix of neural network. Huang et al. also introduced kernel functions in
the design of ELM [16]. Now number of kernel functions is used in the design of ELM such as
Linear, radial basis, Normalized polynomial, polynomial kernel functions. Kernel function-based ELM
design is named Kernel extreme Learning Machine (KELM). For more detail about KELM, readers and
researchers are referred to [16].
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2.3. Artificial Neural Networks

Artificial Neural Network (ANN) is learning systems that have solved a large amount of complex
problems related to different areas (classification, clustering, regression, etc.) and is a system loosely
modeled on the human brain [17]. The field goes by many names, such as connectionism, parallel
distributed processing, neuro-computing, neural intelligent system, machine learning algorithms and
Artificial Neural Networks. It is an attempt to simulate within specialized hardware or sophisticated
software. This simulation is achieved through multiple layers of simple processing elements called
neurons. Each neuron is linked to certain neighbors with varying coefficients of connectivity that
represent the strengths of these connections. Learning is accomplished by adjusting these strengths
to cause the overall network to output appropriate results. The parameters to be found by training
are the weight vectors connecting the different nodes of the input, hidden, and output layers of the
network by the so-called error-back propagation method (a specialized version of the gradient-based
optimization algorithm). During training, the values of the parameters (weights) are varied so that the
ANN output becomes similar to the measured output on a known data set. There are two Artificial
Neural Network topologies—Feed Forward and Feedback. In the first type, the information flow is
unidirectional. A unit sends information to other unit from which it does not receive any information.
There are no feedback loops. They are used in pattern generation/recognition/classification. They have
fixed inputs and outputs. In the second type, feedback loops are allowed. They are used in content
addressable memories. In this study, feed forward neural networks (FFNNs) are used. FFNNs with one
sigmoidal hidden layer and a linear output layer have been proven to be capable of approximating any
function with any desired accuracy if the associated conditions are satisfied. In this study, a two-layer
feed forward neural network (one hidden layer and one output layer) is used for predicting monthly
flows. The number of neurons in the hidden layer, along with the weights and biases, are obtained,
based on the errors in the predicted values. Sigmoid and linear activation functions are used for the
hidden layer and output layer, respectively.

2.4. Performance Criteria

Three statistical criteria named Determination Coefficient (DC), Correlation Coefficient (R),
and Root Mean Square Error (RMSE) were used for assessing the proposed model’s efficiency. The used
criteria equations are as follows:

DC = 1−

N∑
i=1

(
lo − lp

)
2

N∑
i=1

(
lo − lp

)
2

, R =

N∑
i=1

(
lo − lo

)
×

(
lp − lp

)
√

N∑
i=1

(
lo − lo

)
2 ×

(
lp − lp

)
2

, RMSE =

√√√ N∑
i=1

(lo−lp)2

N
(6)

where lo, lp, lo, lp, N are the observed values, predicted values, mean observed values, mean predicted
values and number of data samples, respectively.

3. Simulation and Models Development

3.1. Input Variables

Appropriate selection of input combination has significant impact on the accuracy of developed
models. In Figure 2, the quantities measured for jumps in channels with different shape are shown.
Based on [18–20], the important variables which affect the energy dissipation are:

f
(
y1, y2, V1, Lj, ΔE, μ, g, ρ, Z, W

)
= 0 (7)

where y1 and y2: sequent depth of upstream and downstream, V1: upstream flow velocity, μ: water
dynamic viscosity, g: gravity acceleration, Lj: length of jump, ρ: density of water, ΔE (=E1 − E2) in
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which E1 and E2 are energy per unit weight before and after the jump, Z: rough element height, and W:
space between rough elements.

Figure 2. The schematic view of different types of channels used in this study.

From dimensional analysis and considering y1, g and μ as repeating variables, these parameters
of Equation (7) can be expressed as follows:

f(
y2

y1
,

ΔE
E1

,
Lj

y1
,

v1
2

gy1
,
ρv1y1

μ
,

Z
y1

,
W
y1

) = 0 (8)

Equation (8) can be expressed as:

f(
y2

y1
,

ΔE
E1

,
Lj

y1
, Fr1, Re,

Z
y1

,
W
y1

) = 0. (9)

where Fr1 is flow Froude number and Re is flow Reynolds number.
Experimental studies by several researchers (i.e., [21,22]) revealed that hydraulic jump

characteristics only depend on Froude number, and the Reynolds number has no effective role
in the predicting process. Also, Hager showed that the height of jump can affect the characteristics of
the hydraulic jump [1]. Therefore, in this study, based on upstream hydraulic data and geometric data,
the models of Table 2 were considered for modeling energy dissipation due to the hydraulic jump in
different types of channels with different rough elements. It should be noted that the modeling process
was done using developed cods for KELM and ANN approaches in MATLAB software.

Table 2. Kernel Extreme Learning Machine (KELM)-developed Models.

Input Variable(s) Models

Fr1 M (I)
Fr1, (y2-y1)/y1 M (II)

Fr1, Z/y1 M (III)
Fr1, W/Z M (IV)

Fr1, (y2-y1)/y1, W/Z M (V)

3.2. KELM Parameters Setting

It should be noted that each artificial intelligence method has its own parameters. To achieve
the desired results, the optimized amount of these parameters should be determined. For example,
in designing the KELM approach, the selection of the appropriate type of kernel function is needed.
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There are various kernel functions which can be used based on the nature of the studied phenomenon.
In this research, the model M (V) of the rectangular channel with strip elements was predicted using
different kernel types. In this regard, the Fr1, (y2-y1)/y1, W/Z parameters were used as inputs for
KELM approach and considering different kernel types this model was run. Then, for each kernel the
amount of the RMSE was calculated and compared with the others. According to Figure 3a, the RBF

kernel function (e (−γ|x−y|2
)

in which γ is the kernel parameter) was defined as the best kernel function.

Figure 3b shows the RMSE statistic parameter via γ values for comparing the impact of RBF kernel
parameter of γ on performance of employed algorithm for testing set of the model M (V) for rectangular
channel with strip elements. In this study, optimization of γ was performed by a systematic grid search
of the parameter using cross-validation. It could be seen that γ = 5 (the optimum amount) led to the
least RMSE value. On the other hand, in ANN modeling the network topology has direct effects on its
computational complexity and generalization capability. Therefore, the appropriate structure of ANN
should be selected. In this study, various networks were tried for determining the hidden layer node
numbers. For this aim, different numbers of neurons (i.e., 2, 3, 5, and 7) in the hidden layer were tested.
Also, it was found that the tangent sigmoid and pure linear functions are suitable for the hidden and
output node activation functions, respectively. The model training was done using the scheme of back
propagation approach.

 

Figure 3. Root Mean Square Error (RMSE) statistics parameter via (a) KELM kernels function types
and (b) γ values to find KELM optimums of testing set for the model M (V).

4. Results and Discussion

4.1. Results Obtained for Rectangular Shape Channels

For rectangular shape channel, two states were considered. In the first state the efficiencies of
the developed models were investigated in the channel with strip rough elements and in the second
state channel with staggered rough elements. In developing models, the flow condition and geometry
of the applied rough elements were considered. The developed models were analyzed with KELM
model to carry out the energy dissipation ratio prediction in these channels. Table 3 and Figure 4 show
the results of the KELM models. Based on the results of the RMSE, R, and DC statistical parameters,
it was observed that, between two types of channels, the developed models for the case of the channel
with strip elements in modeling the energy dissipation performed more successfully. For both cases,
the model M (V) with input parameters of Fr1, (y2-y1)/y1, W/Z led to more accurate outcome than the
other models. A comparison between the results of the models showed that, for prediction the relative
energy dissipation in rough bed channels, using parameter Z/y1 and W/Z as the input parameters
caused an increment in the models’ efficiency and the Z/y1 parameter is more efficient.
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Table 3. Statistical parameters of the KELM models for the rectangular shape channels.

Performance Criteria

ModelsTest Train

RMSE DC R RMSE DC R

Strip elements

0.067 0.892 0.934 0.038 0.914 0.959 M (I)
0.055 0.942 0.982 0.032 0.968 0.983 M (II)
0.058 0.935 0.975 0.038 0.964 0.981 M (III)
0.062 0.922 0.973 0.039 0.963 0.978 M (IV)
0.049 0.944 0.986 0.025 0.973 0.991 M (V)

Staggered elements

0.075 0.818 0.841 0.043 0.859 0.863 M (I)
0.062 0.847 0.884 0.036 0.871 0.885 M (II)
0.065 0.842 0.878 0.043 0.868 0.883 M (III)
0.07 0.83 0.876 0.044 0.867 0.88 M (IV)
0.055 0.868 0.927 0.031 0.886 0.969 M (V)

 

Figure 4. Comparison of observed and predicted energy dissipation for the rectangular shape channels
superior models.

4.2. Results Obtained for Trapezoidal Shape Channel

The obtained results for trapezoidal shape channel are listed in Table 4 and shown in Figure 5.
In this case, the model M (V) with input parameters of Fr1, (y2-y1)/y1, W/Z was the superior model.
According to the results, it could be seen that adding parameters (y2-y1)/y1, Z/y1, and W/Z as an input
parameter caused an increment in the models’ efficiency. However, for this state, the variable W/Z was
more effective than variables (y2-y1)/y1 and Z/y1 in improving the model accuracy. This issue shows
the impact of the rough elements’ geometry on predicting the relative energy dissipation. From the
comparison between the results of Tables 3 and 4, it could be stated that the model developed for
a rectangular channel with rough elements performed more successfully in predicting the energy
dissipation than that of a trapezoidal channel with rough elements.
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Table 4. Statistical parameters of the KELM models for the trapezoidal shape channels.

Performance Criteria

ModelsTest Train

RMSE DC R RMSE DC R

0.086 0.804 0.904 0.072 0.822 0.909 M (I)
0.082 0.811 0.909 0.067 0.831 0.912 M (II)
0.084 0.809 0.906 0.069 0.825 0.91 M (III)
0.073 0.827 0.927 0.059 0.849 0.938 M (IV)
0.072 0.858 0.935 0.057 0.885 0.942 M (V)

 

Figure 5. Comparison of observed and predicted relative energy dissipation for the trapezoidal shape
channel superior model.

4.3. Validation of Proposed Best KELM Models Using ANN Method

The experimental data of both applied channels were used to evaluate the performance of the
best-KELM model compared with the other data driven model. In this regard, for each channel the
superior model was run using ANN method and the results were compared with the KELM. Table 5
shows the results of this comparison. As it can be seen from Table 5, ANN led to the desired accuracy,
and the efficiency of this model was good at energy dissipation modeling. However, the KELM model
yielded slightly better results in comparison with the ANN method.

Table 5. Statistical parameters of the KELM and Artificial Neural Network (ANN) methods for the
superior models.

Structure of KELM
and ANN

Performance Criteria

ModelsTest Train

RMSE DC R RMSE DC R

Rectangular shape channels with strip elements

γ = 5 0.049 0.944 0.986 0.025 0.973 0.991 M (V), KELM
(3, 7, 1) * 0.053 0.938 0.978 0.03 0.961 0.981 M (V), ANN

Rectangular shape channels with staggered elements

γ = 4 0.055 0.868 0.927 0.031 0.886 0.969 M (V), KELM
(3, 7, 1) 0.061 0.851 0.915 0.035 0.87 0.935 M (V), ANN

Trapezoidal shape channel

γ = 6 0.072 0.858 0.935 0.057 0.885 0.942 M (V), KELM
(3, 9, 1) 0.076 0.833 0.905 0.062 0.867 0.931 M (V), ANN

* (inputs number, neurons number, output number).

5. Conclusions

In this study, the KELM method was used to predict the relative energy dissipation in two
rectangular and trapezoidal channels with different rough elements. The KELM was applied for
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different models based on flow conditions and geometry of channels and rough elements. The obtained
results showed that, in predicting the energy dissipation in rectangular and trapezoidal channels,
the model M (V) with input parameters of Fr1, (y2-y1)/y1, and W/Z performed more successfully than
the other models. It was observed that Z/y1 and W/Z parameters increased the models’ efficiency;
therefore, it could be stated that the height and space of applied elements were important factors in the
energy dissipation prediction. Between two types of rectangular channels, the developed models for
the case of channel with strip elements were more accurate than the staggered elements. Comparison
between the results of two channels revealed that the models developed in the case of the rectangular
channel led to more accurate outcomes. A comparison was also done between the KELM results and
ANN method and the results verified the superior performance of the KELM method.
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Abstract: The problem of identifying Distributed Denial of Service (DDos) attacks is fundamentally a
classification problem in machine learning. In relevance to Cloud Computing, the task of identification
of DDoS attacks is a significantly challenging problem because of computational complexity that has
to be addressed. Fundamentally, a Denial of Service (DoS) attack is an intentional attack attempted
by attackers from single source which has an implicit intention of making an application unavailable
to the target stakeholder. For this to be achieved, attackers usually stagger the network bandwidth,
halting system resources, thus causing denial of access for legitimate users. Contrary to DoS attacks,
in DDoS attacks, the attacker makes use of multiple sources to initiate an attack. DDoS attacks are
most common at network, transportation, presentation and application layers of a seven-layer OSI
model. In this paper, the research objective is to study the problem of DDoS attack detection in
a Cloud environment by considering the most popular CICIDS 2017 benchmark dataset and applying
multiple regression analysis for building a machine learning model to predict DDoS and Bot attacks
through considering a Friday afternoon traffic logfile.

Keywords: DDoS attack; multiple linear regression; traffic packet; classification; Cloud

1. Introduction

Historically, Denial of Service (DoS)attacks are intended primarily to disrupt computing systems
in a network. Fundamentally, these attacks are initiated from a single machine with the illegitimate
intension of targeting a server system through an attack. A simple DoS attack could be a PING Flood
attack in which the machine sends ICMP requests to the target server and a more complex DoS attack
example could be Ping of death attack. DDoS (Distributed Denial of Service) attacks are postcursor to
DoS attacks, i.e., DoS attacks are forerunner to DDoS attacks. DDoS attacks are the attacks which are
carried in distributed environments. Fundamentally, a DDoS attack is an intentional attack type which
is usually made in a distributed computing environment by targeting a website or a server so as to
minimize their normal performance. To achieve this, an attacker uses multiple systems in a network.
Now, using these systems, the attacker makes an attack on the target website or server by making
multiple requests to the target system or server. As these types of attacks are carried out in distributed
environments, hence, these are also called distributed DDoS attacks.

The conventional way of DDoS attacks is the brute force attack that is triggered using Botnet
wherein the devices of the network environment are infected with malware. Based on the target and
the behavior, we may classify DDoS attacks into three categories. Thus, though DDoS attacks could be
categorized into several types, usually these attacks are mainly classified into three classes. They are
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(i) Traffic/fragmentation attack, (ii) Bandwidth/Volume attack and (iii) Application attack as shown in
Figure 1. In traffic-based attacks, voluminous UDP or TCP packets are sent to the target system by the
attacker and these huge UDP or TCP packets reduce the system performance. In the second type of
attack called bandwidth or volumetric attacks, the attacker creates congestion in bandwidth through
consuming excessive bandwidth than required legitimately and they also try to flood the target system
through sending large amounts of anonymous data. The last type of attack are also specialized attacks
as they are aimed at attacking only a specific system or a network. These types of attacks are also
difficult to mitigate and throw greater challenges in recognizing them.

Figure 1. Classification of DDoS ((Distributed Denial of Service) attacks.

In general, a Denial of Service attack, which is usually called a DoS attack, is a purposeful attempt
which is initiated so as to make an application or website unavailable to its legitimate users. This is
achieved usually by flooding the website or application through network traffic. In order to achieve
this, usually, one of the several choices of attackers is to apply diversified techniques that intentionally
consume huge network bandwidth, thus causing inconvenience to legitimate users. Alternately,
attackers also achieve this by handling system resources in an illegitimate manner. DoS attack is
also called Non-distributed Directed attack wherein an attacker initiates DoS attack on the target
system. The concept of DDoS attack is similar to DoS attack but the fundamental difference is that in
DDoS attacks there are multiple attack sources which are implicitly involved, i.e., in DDoS attacks,
the attacker makes an attack by using multiple sources which may include routers, IoT devices, and
computers in a distributed environment infected by malware. To make this possible, an attacker looks
for availability of any compromised network. By utilizing such compromised networks, an attacker
usually attacks the target system through continuously generating packet floods or requests to conquer
the target system. The DDoS attacks are common in the Network layer, Transport layer, Presentation
and Application layer of the 7-layer OSI reference model. Network layer and Transport layer attacks
are usually called Infrastructural attacks whereas the Presentation layer and Application layer attacks
are commonly known as Application layer attacks.
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2. Related Works

At an abstract level, one may view a DDoS attack as a clogged unexpected traffic on the highway
so as to prevent the regular traffic flow arrival at its destination. DDoS attacks are usually performed
through the use of a network of connected machines which are all connected via internet. The main
problem with these types of attacks is the difficulty in discriminating between normal traffic and
attack traffic as each Bot acts as if it is a legitimate one. DDoS attacks not only affect servers in
distributed environments but also do not leave Cloud environments. DDoS attacks take the advantage
of the services provided by Cloud environment such as (i) pay-as-you-go (ii) auto scaling and
(iii) multi-tenancy. In a typical Cloud infrastructure, Virtual machines (VMs) are run in large numbers
by Cloud servers to provide uninterrupted services to legitimate users of the Cloud environment. Now,
in an event of an attack by attackers, the server can consider this situation as an event of higher resource
utilization. The result would be the server trying to utilize an auto scaling feature in Cloud computing.
The result of auto scaling feature could be allocation of resources, and migration of resources so as to
solve the server overloading problem. Now, assume that resource allocation and process migration
continues as a result of an attack, then, the attacker eventually becomes successful in DDoS attack
that was initiated and that such an attack affects either directly or indirectly the Cloud services and
eventually implicates the financial revenues. Some of the DDoS attacks in Cloud environment are
Buffer overflow, SYN flooding, Ping of death, IP spoofing and land attack. DDoS attack defence in
Cloud environments may be achieved by using three methods which include (i) Preventing attacks in
the first place, (ii) Detecting the attacks and (iii) Mitigation of attacks. Anomaly detection and Botnet
detection techniques are used for preventing and detecting a DDoS attack.

Denial of Service and Distributed Denial of Service attacks are the important sources that make
internet services vulnerable. Attack detection is not new in using machine learning techniques.
Some of the attacks that are identified though machine learning techniques are signature-based and
anomalies-based. From ref. [1], it is learnt that signatures are used for signature-based Intrusion
detection system, while detecting unknown attacks are the part of anomaly detection, whereas data
flows generated by the unknown patterns gives the scope for studying DDoS. DDoS attacks can be
prevented. Attacks are defined as violations of security policies of the network. Usually the attacks are
classified into passive and active attacks. Passive attacks never affect the system but active attacks
take control of system. The most frequent attacks in real-time network are Denial of Service (DoS)
attacks. When a DoS attack is deployed into legitimate systems in a distributed environment, it is
further considered as a Distributed Denial of Service (DDoS) attack. Distributed Denial of Service
attack is where multiple systems try to target one single system. By flooding the messages to the target
system, the services in the systems are denied and considered as zombies [1]. Some of the types of
DDoS attacks are Flooding, IP Spoofing, TCP SYN Flood, PING Flood, UDP Flood, and Smurf attacks.
Multiple machines are used to construct flooding in DDoS attacks.

• TCP SYN Flood attacks—The attack that spoofs the IP addresses is called TCP SYN Flood attack.
This attack is more vulnerable as this is based on 3-way handshake protocol [2].

• PING Flood attacks—PING attacks are based on packets of ICMP request. As the PING attack
targets the system, the connection slows down and reply request packets cannot be communicated
from the end users.

• UDP Flood attacks—Target system cannot handle authorized connection once the threshold limit
is reached. As the servers reach the threshold limits, the other packet requests are discarded.

• SMURF attacks—This attack occurred because of spoofed PING messages. By pinging the IP
address, huge ICMP requests are received, further, more bandwidth will be consumed which
slows down the computer to work.

The detections are divided into two steps: IP Entropy and Traffic collection module to extract
entries and messages to detect DDoS attacks. Over the recent years, it has notified that many DDoS
attacks incurred losses in heavy downtime, business loss, etc. One of the recent attacks where Amazon
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EC2 Cloud servers attacked were by DDoS attacks [3]. The present hot topic across the area of research
is to mitigate the DDoS attacks using machine learning techniques. Some of the recent works also have
used Support Vector Machine technique to mitigate the DDoS [4]. Many machine learning methods like
Naïve Bayes, SVM, and Decision trees were proposed to detect Distributed Denial of Service attacks.
However, to detect this DDoS attacks using machine learning methods requires prerequisites on the
network to identify the suitable data from the datasets [5,6]. Most of the common machine learning
methods used in detecting the DDoS attacks are Convolutional Neural Networks [7], Long Short-term
memory neural networks [8], Recurrent neural networks [9], etc. Over the years, the most widely
used methods to detect Intrusion detection with DoS and DDoS attacks are based on machine learning
algorithms. One such algorithm where the results were accurate and efficient in detecting the DDoS
attack was using Decision Tree C4.5 algorithm [10]. Liao et al. [11] proposed a scheme based on
SVM to detect the DDoS attacks using detection scheme base algorithm. Xiao et al. [12] proposed the
most frequently used kNN algorithm for detecting the different types of anomalies in the network.
By using the kNN algorithm, a maximum number of bots in the network were identified. Accuracy was
improved compared to any algorithm in detecting the unknown attacks. In ref. [12], the author
proposes a new method to detect the DDoS attack using Radial basis function (RBF) using neural
networks algorithms. This RBF algorithm is used to classify the attacks as normal and abnormal. From
the past study, it is identified that many clustering algorithms and a priori association algorithms are
used to extract network traffics and packets [13,14]. Ref. [15] describes the detection of attacks using
classification algorithms to monitor the incoming and outgoing packets in the network and also to
compile the TCP SYN and ACK flags in the network. Ref. [16] used Artificial Neural networks to
detect the DDoS attacks by comparing Decision Tree, Entropy, ANN and Bayesian algorithms. Further,
in ref. [17], many researchers discovered that to detect different DDoS attacks, the separation of Flash
Crowd event from Denial of Service attack is to be performed. One of the important approaches
towards the DDoS attacks are SNORT and configurable firewall. Additionally, in ref. [18], it is shown
that SNORT is used to reduce the false alarm rates to improve the accuracy in Intrusion prevention
system. By having an impact on the real- time networks using Cloud Environment, the security services
are blocked if the valid document is not used to detect intrusions. The proposed method in ref. [19]
aims to detect DDoS attacks by statistical analysis of network traffic and Gaussian Naïve Bayes method
is applied on training data for classification. The DDoS attacks are performed on various machines
with two main methods. The first method is by sending the malformed packets to the victim and the
second method is by performing either by exhausting the bandwidth or applying application level
flooding [20]. In 2011, Lee et al. [21] proposed DoS attacks using Hadoop Framework. Ref. [21] used a
counter-based detection algorithm to detect HR attacks using MapReduce algorithm. Many researchers
have been using the Hadoop clusters in the Cloud computing platforms. Hadoop framework’s job
is only to monitor the data or packets. Many researchers have used the machine learning methods
in order to create and view the DDoS attacks. Most often from the research, FireCol is the algorithm
that is used to protect from flooding the DDoS attacks [22]. To detect the intrusion in DDoS attacks in
the system, different classifiers like Ensemble reducing features, Heterogeneous and Homogeneous,
are used for Ensemble methods [23]. Machine learning methods can also use to detect the DDoS in
software-defined network. The study says that some of the issues were identified in the large network
dataset for abnormal traffic using feature selection method to detect DDoS attacks. The most widely
used approaches are feature ranking, scalability, and distributed approach.

3. Emerging Need for DDoS Attack Detection in Cloud Environments

The problem of DDoS attack prevention, detection and mitigation has received significant
importance in relevance to Cloud computing environment. Of these three issues, the problem of
DDoS attack detection has received primary importance from researchers. Researchers across the
globe have been continuously working on proposing various methods and approaches to address
detection of DDoS attacks. In spite of the availability of various contributions that addressed methods
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and techniques to put a stop to DDoS attacks, unfortunately, even today the deployment of the
available methods could not resist the DDoS attacks affecting the Cloud environments. In fact, they are
substantially increasing over time interms of the frequency of attacks and also the attack size. One of
the most common reasons is there is no consensus among various end points in a distributed internet
network as one cannot enforce cooperation globally. The second reason could be the socioeconomic
factors involved which makes the global cooperation enforcement difficult. The third point coins from
the nature of DDoS attacks, i.e., there is no way of ensuring and enforcing a single point deployment
so as to best ensure the defence against the DDoS attacks.

As per reports by Amazon Web Services, to date, the biggest DDoS attack that took place is in the
month of February in the year 2020. The peak incoming traffic of this attack is seen to be 2.3 Tbps.
The choice of attackers for making this attack was hijacked CLDAP webservers (Connection-less
Lightweight Directory Access Protocol webservers) which is alternative to LDAP and is also a protocol
used for handling user directories. Before this 2.3 Tbps DDoS attack in February of 2020, the second
largest DDoS attack was the 1.3 Tbps DDoS attack—the one which targeted GitHub through sending
126.9 million traffic packets per second. Thus, there is an emerging immediate need to properly study,
identify and figure out the reasons for failure of the available methods in the research literature.

4. DDoS Attack Detection Framework Using Multiple Linear Regression

The fundamental research objective behind the proposed method is to design a machine learning
model based on multiple linear regression analysis and also perform data visualization by considering
residual plots and fit charts. The idea behind the proposed approach is to study the possibility of
applying multiple linear regression analysis to the CICIDS 2017 dataset which is the benchmark dataset
widely used in some of the most significant recent research studies. The objective is to first apply the
feature selection technique and determine the important attributes that are better deliverables for the
prediction model. In the present approach shown in Figure 2, we have used the Information Gain
approach method for carrying feature selection. Information Gain approach is a widely applied model
in several data mining-based applications. The selected features are then considered for carrying
multiple linear regression analysis, and the behavior of chosen and retained important attributes of the
CICIDS 2017 dataset is studied by analyzing the fit charts and residual plots.The next subsection gives
the experiment result analysis using the proposed approach by considering Friday log files of the most
popular CICIDS 2017 research dataset.

 
Figure 2. Proposed Machine Learning approach for DDoS attack detection.

5. Experiment Result Analysis

The dataset chosen for experimentation consisted of five-day log records from Monday to Friday
in csv format. For experiment analysis, we have considered the log file of Friday afternoon which
also consisted of two class labels. The class labels are Benign (Normal) and DDoS (attack). The total
number of traffic packets in the log file included 225,746 traffic packets.
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Experiment Analysis for the Log File of Friday Afternoon with Class Labels as Benign (Normal) and
DDoS (Attack)

Initially, the number of attributes in the Friday afternoon logfile are 78 with the last attribute being
the class label, i.e., there are 79 dimensions along with class label. Initially, the modeling process started
by application of feature selection algorithm which is based on computation of information gain for
each of the attributes in the dataset. The top 16 attributes have been considered for retention and other
attributes in the attribute set are removed. Figure 3 depicts the entire details of ANOVA model and
the list of the top 16 attributes with higher information gain are listed in Figure 4. For mathematical
modeling, we chose to perform multiple linear regression analysis by running regression analysis
on the logfile with these 16 attributes. After initial analysis is carried, the attributes that are retained
include the attributes at dimensions 1, 5, 6, 7, 9, 11, 13, 35, 36, 53, 54, 55, 56, 64,66 and 67. The analysis
is thus performed using the reduced dimensionality log file with these 16 attributes as mentioned
above. The mean absolute percentage error for the linear regression model is obtained as 0.2621.
Hence, the percentage accuracy of the multiple linear regression model is obtained as equal to 73.79%,
i.e., 0.7379.

Figure 5 shows the residual plot obtained for each of the 16 attributes of the CICIDS 2017 dataset
w.r.t Friday afternoon log file. Figure 6 shows the residual plot and Figure 7 shows the fit chart for
the overall multiple linear regression model. After the initial model is developed, then, we have
eliminated 10 attributes which are not statistically significant and retained the remaining sixattributes.
So, the number of attributes is now reduced to sixattributes. The attribute dimensions are 1, 9, 13,
53, 54, and 64. Then, the multiple regression analysis is performed once again on these statistically
significant attributes. Figure 8 depicts the fit chart, visualizing the actual label and predicted label.
Figure 9 shows these six attributes’ residual plots and finally, Figure 10 depicts the residual plot for the
model. Thus, the machine learning model accuracy obtained using these six attributes is 71.6% which
also clearly shows that the first model with 16 attributes is comparatively better.

Figure 3. p-value and confidence intervals—ANOVA for CICIDS2017 Dataset.
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Figure 4. Attributes along with their information gains.

 

 

 
Figure 5. Cont.
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Figure 5. Residual plots for 16 attributes of Friday afternoon log of CICIDS 2017 dataset.
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Figure 6. Residual plot obtained for multiple linear regression model for CICIDS 2017 dataset.

 
Figure 7. Fit chart obtained for Friday afternoon logfile of CICIDS 2017 dataset.

 
Figure 8. Fit chart obtained for Friday afternoon logfile of CICIDS 2017 dataset by considering 1, 9, 13,
53, 54, and 64 attributes.
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Figure 9. Residual plots for sixattributes of Friday afternoon log of CICIDS 2017 dataset.

 
Figure 10. Residual plot obtained for multiple linear regression model for CICIDS 2017 dataset by
considering six attributes of the dataset.

It can be seen from the experiment result analysis that the fit chart obtained by carrying multiple
regression analysis on CICIDS 2017 dataset with the top 16 attributes obtained through information
gain-based feature selection method is better than the fit chart obtained through considering sixattributes
of the CICIDS 2017 dataset. This is because of the fact that in the later fit chart, the difference between
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actual label and predicted label is clearly visible. Hence, the first model considered with 16 attributes
is better for carrying the detection of DDoS attacks.

6. Conclusions

As detection of DDOS attack has become more common in a distributed environment like Cloud,
it is essential to detect the attacks which cause service unavailability of Cloud. To identify such attacks,
machine learning models can be used to train and test the attack detection datasets. Alternately, we can
use the regression analysis technique by applying one of its important variants known as multiple linear
regression analysis. The research objective behind this study is to build a machine learning model that
is an ensemble of feature selection using information gain and regression analysis. For experimental
study, the dataset considered was in the popularly known CICIDS 2017 dataset. Specifically, the Friday
logfile of morning and afternoon are considered which has Benign, Bot and DDoS classes. It has been
observed that through this ensemble model for Friday morning dataset, a prediction accuracy of 97.86%
is achieved. Similarly, for the Friday afternoon log file, the prediction accuracy is obtained as 73.79% for
16 attributes obtained through information gain-based feature selection and regression analysis-based
ML model. This paper thus paved a way to show the importance of regression analysis in building an
ML model and also shows some of the important visualizations such as residual plots and fit chart
which proves the importance of the model and its suitability of considering the model for prediction.
In this work, we have limited our analysis for one-day log file and in future, this research may be
extended to consider all traffic log files of fivedays and come out with a consensus-based machine
learning model.
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Abstract: In this paper, a 3.1–11 GHz ultra-wideband low noise amplifier with low noise figure,
high power gain S21, low reverse gain S12, and high linearity using the OMMIC ED02AH process,
which employs a 0.18 μm Pseudomorphic High Electron Mobility Transistor is presented. This Low
Noise Amplifier (LNA) was designed with the Advanced Design System simulator in distributed
matrix architecture. For the low noise amplifier, four stages were used obtaining a good input/output
matching. An average power gain S21 of 11.6 dB with a gain ripple of ±0.6 dB and excellent noise
figure of 3.55 to 4.25 dB is obtained in required band with a power dissipation of 48 mW under a
supply voltage of 2 V. The input compression point 1 dB and third-order input intercept point are
−1.5 and 23 dBm respectively. The core layout size is 1.8 × 1.2 mm2.

Keywords: Matrix Distributed LNA; MMIC; GaAs; pHEMT; Noise Figure

Published: 25 December 2020

1. Introduction

With the growth of technological needs, especially in wireless communication, it was imperative
for researchers to find and develop more structures compatible with modernity and which are aligned
with global standards. In this context, we mention ultra-wideband (UWB) systems which were a
source of interest for the most important industrial companies and institutes during the sixties of
the previous century. As for recent years, these systems have several advantages, such as, high data
rate transmission [1], high flexibility [2,3], low power spectra density [4], security [5], single chip
architecture with small size, low cost and low power requirements [6]. Thus, systems performances
are enhanced. According to Federal Communication Commission (FCC), UWB can be used in the field
imaging systems (medical systems, Global Positioning Systems (GPS) and surveillance systems) or
communications and measurement systems or vehicular Radar systems, allocating them a frequency
domain of 3.1 to 10.6 GHz [7]. A critical component of UWB system is the Low Noise Amplifier,
which aims to reduce the noise figure with large gain, low power consumption and stability necessary
for eliminating self-oscillation [8].

The first distributed amplifier was studied in 1948 from pentode tubes [9]. The originality of
principle lies in the fact that we got to take this advantage by the active elements in parallel while
avoiding the disadvantages of reducing the input and output impedances. In distributed amplifiers,
the active elements are placed between two propagation lines which carry out both an addition of the
currents and adaptation to the source and to the load.

Today, distributed amplifiers have become good candidates for providing flat gain in a sufficiently
wide band [10]. Monolithic microwave integrated circuit or MMIC technology seems a priori, the best
suited to achieve this objective.
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This paper is organized as follows. In Section 2, the characteristics of the ED02AH transistor
device and the MMIC process will be presented. Section 3 gives a description of the proposed circuit
and design considerations. Section 4 will discuss the results of a post-implementation simulation of
proposed design techniques and compare them with those recently performed. The conclusion of this
work will be presented in Section 5.

2. Device Characteristics and MMIC Process

OMMIC ED02 commercial foundry provides several models for pseudomorphic High Electron
Mobility transistors (pHEMTs) in the ED02AH technology. This uses six gate segments of 15 μm width
each (6 × 15 μm ED02AH) as shown in Figure 1. Small signal linear models are given by scattering
parameters versus bias points of a transistor. Nonlinear models include noises sources usually
developed by manufacturers (Kacprzak and Materka model [11], Triquint foundry model [12], etc.).

Figure 1. ED02AH 6 × 15 μm layout.

The typical results of the data comparison between the non linear and small signal model are
shown in Figure 2 for the bias point ID = 16 mA and VDS = 2 V.

 

Figure 2. Scattering parameters comparison of linear and NL ED02AH models transistor in frequency
range of 0.5 to 30 GHz (Vgs = −0.3 V and Vds= 2 V).

The error of the input and output reflection coefficients (S11 and S22) of the two models is weak
compared to the direct and inverse gain parameters (S21 and S12) which can be as high as 30% when
the frequency becomes larger. These Monolithic Microwave Integrated Circuit (MMIC) chips are
fabricated with 0.18 μm pseudomorphic GaAs based HEMT technology, carried out by commercially
available foundry. Table 1 summarizes the different characteristics of transistor ED02AH.
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Table 1. The physical characteristics of transistor ED02AH.

Process Tech Gate Length Thickness Ft Fmax Gm

ED02AH
pHEMT

GaAs 0.18 μm 100 μm 60 GHz 110 GHz 450 ms/mm

Vbgd (V) Vdsmax (V) Idss (mA/mm) Idss max(mA/mm) NF (dB) Power Density

8 7 250(on)/140(off) 400(on)/180(off) 0.8(18GHz) 330 (mW/mm)

3. Circuit Description

Figure 3 shows Ultra-Wideband Low Noise Amplifier (LNA) using MMIC technology. This LNA
was designed in distributed matrix architecture. The noise resistor of transistor ED02AH depends on
several parameters, which can be reduced using several short fingers (6 × 15 μm) or by increasing the
number of stages. The amplifier that meets these criteria consists of six cells.

Figure 3. Schematic of the Low Noise Amplifier (LNA).

This Matrix architecture presents a very important gain for an ultra-wide frequency band.
The resistive stability of the amplifier at high frequencies increases the value of the output conductance
of the structure and at the same time degrades the gain of the amplifier [13]. Adjusting the reactive
stability is an appropriate solution achieved by the means of the LsCs components of the gate of the
transistor. A parallel resistor Rs is put in place to ensure the polarization of the circuit. The polarizations
are fed via drain and gate lines. Inductances L1 and L3 must be dimensioned in order to have high
impedance with respect to the Radio-Frequency RF signals. The module of the impedances ZLd and
ZLg of these inductances is written as:

|ZLd| = 2πfL1 (1)∣∣∣ZLg
∣∣∣ = 2πfL3 (2)

In order to ensure good RF signal transmission, the ZLd and ZLg impedance module must be
greater than the characteristic impedance of the 50 Ω drain and gate lines at the minimum operating
frequency. The Capacitors C0 and Cd are optimized to ensure a good adaptation in the frequency range
studied. The values of different LNA parameters are shown in Table 2:

Table 2. Optimization result of different LNA parameters.

L1 (nH) L2 (nH) L3 (nH) Ld (nH) Lg (nH) Ls (nH) Lo (nH)

4.212 2.088 2.67 0.3948 0.488 0.3 0.7835

R1 (Ω) R2 (Ω) R3 (Ω) Rs (Ω) Cd (pF) Cs (pF) Co (fF)

57 100 49 100 0.3 0.247 10
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4. Results and Discussion

The proposed wideband LNA was simulated with a 0.18 μm GaAs-pHEMT ED02AH transistor.
The performances of gain, noise, input/output matching, linearity, and power consumption are specified
in order to regulate the values of the circuit components.

The final MMIC layout of the proposed wideband LNA is shown in Figure 4. The LNA is compact
with the dimensions of 1.8 × 1.2 mm2.

 

Figure 4. Photograph of the Monolithic Microwave Integrated Circuit (MMIC) Low Noise Amplifier
(1.8 × 1.2 mm2).

The simulated input and output reflections of LNA are shown in Figure 5a. Input and output
reflections are less than −10 dB at all frequencies. The stability of LNA can be verified using Rollet’s K
factor defined as in expression (3):

K =
1− |S11|2 − |S22|2 − |Δ|2

2|S12·S21| (3)

where, |Δ| = |S11S22 − S21S12|.
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(a) (b) 
Figure 5. Simulated results of: (a) input/output reflection coefficients and, (b) LNA Stability.

For unconditional stability, the condition K > 1 and Δ < 1 must be satisfied. Figure 5b shows the
value of K of LNA, which proves the unconditional stability over the entire band. It can be seen from
Figure 6a that reverse gain S12 is less than −33 dB. Figure 6b proves an excellent noise figure (NF)
as low as 3.65–4.35 dB in the required band with flat power gain of {11–12.2} dB and a consumption
of 48 mW under a supply voltage of 2 V. Linearity is another important LNA parameter. The 1 dB
compression point and third-order intercept point (IP3) represent the non linear operating domain of
RF circuits that helps in proving a circuit’s linearity and dynamic range. By generating a two-tone
input signal with a separation frequency of 10 MHz, the intermodulation point IM is the point of
intersection between the fundamental spectrum and the third-order intercept point IP3. The output
IP3 was calculated with Equation (4).

OIP3 = P1 +
1
2
(P1 − P3) (4)

(a) (b) 

Figure 6. Simulated results of: (a) isolation, and (b) Simulated results of power gain and noise
figure (NF).

Figure 7 shows that the compression point occurs for −1.5 dBm and the third-order input
interception point (IIP3) is about 20 dBm for input RF power.
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(a) (b) 

Figure 7. Simulated results of: (a) compression point 1 dB, and (b) Interception point (IP3).

The performance analysis with comparison of current works with recent literature was shown in
Table 3.

The MMIC Matrix Distributed Low Noise Amplifier presents a high gain and low noise compared
to the work of [14,15]. The linearity of this amplifier is very high compared to [14–16] and reaches up
to 20 dBm.

Table 3. UWB LNA performance comparison.

[14] [15] [16] This Work

Technology(μm) 0.18-CMOS 0.13-CMOS 0.18-CMOS 0.2-pHEMT
Supply voltage (V) N/A N/A N/A 2
Bandwidth (GHz) 3.1–10.6 3.1–10.6 3.1–10.6 3.1–11

Pdc(mW) N/A 17.92 13.6 48
S11 (dB) <−8.8 <−8 <−9.5 <−10
S22 (dB) N/A N/A N/A <−10
S21 (dB) 11 max 10.24 max 12.1±0.7 11.6 ± 0.6
NF (dB) 3.95 ± 0.75 0.9–4.1 4.56–4.7 3.9 ± 0.35
S12 (dB) N/A −31 N/A −33

P1dB (dBm) N/A N/A N/A −1.5
IIP3 (dBm) 6 6.8 −12.5 20

Die area (mm2) 0.7 × 0.8 N/A N/A 1.8 × 1.2

5. Conclusions

An Ultra-wideband LNA using MMIC technology with 0.18 μm- pHEMT ED02AH transistor was
designed in distributed matrix architecture. The input/output matching conditions were satisfied by
parallel capacitance. Stability was enhanced by an LC resonant circuit used in series with the transistor
gate. From 3.1 to 11 GHz and with 2 V supply voltage, the amplifier’s noise figure is 3.9 ± 0.35 dB.
The average power gain is 11.9 dB. The power consumption is 48 mW. Due to wideband and high
linearity, the proposed LNA is a suitable choice for multi-standard and UWB applications.
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Abstract: The development of 5G (fifth generation) mobile communication systems was initiated to
meet the expected need for higher data rates. In this article, a new 28/38 GHz dual-band “inverted-F”
array antenna for 5G applications is proposed. This antenna can be integrated in OLEDs (Organic Light
Emitting Diodes) panels which can be used both for lighting or display. This 5G antenna, composed
of 32 elements, has the advantage of a dual-band and compact structure. Each element of the
array antenna has the shape of an “inverted-F” antenna. This array antenna can cover the 28 GHz
band (27.94–28.83 GHz) and the 38 GHz band (37.97–38.96 GHz) with mutual coupling between
the elements less than −35 dB. The characteristics of the end fire radiation beams were obtained by
employing an array of 32 “inverted-F” antenna elements on the upper and lower portions of the PCB
(Printed Circuit Board). The suggested design has a gain of approximately 16.52 dB at 28.38 GHz and
15.35 dB at 38.49 GHz, which is suitable for 5G mobile communications.

Keywords: antenna; array antenna; fifth generation; millimeter wave; OLEDs light sources

1. Introduction

Since the beginnings of consumer wireless telephony in the early 1980s with the first Generation
“1G”, which gives the user the freedom to make and receive phone calls, mobile communication
systems go through different evolution stages [1,2]. This development is mainly based on the increase
in data transfer rate, which achieved 100 Mbit/s for fourth generation systems, and it can be improved
to 1 Gbits/s. The goal for the fifth generation systems is determined to reach up to 10 Gbps and a
latency of about 1 ms, which results in a reduction in the energy consumption [3].

The antennas for the fourth generation operate in the 0.5–3 GHz frequency band, while the
antennas for the fifth generation operating in the 28 GHz and 38 GHz bands [4–6]. The new cellular
technology uses the millimeter wavelength spectrum, which permits the use of larger bandwidths,
wireless broadband access, the use of large numbers of antennas in the transmission and reception,
and reduces the mutual coupling between the antennas [7]. For the spectrum of millimeter-wave,
the use of antennas with high gain and directional radiation patterns is necessary [8].

For the mobile phone applications, the antennas must be compact, small size, with low SAR value
and compatible with other RF components [9,10]. Therefore, the use of millimeter wave spectrum
automatically reduces the electrical length of the antenna, which complicates task of this antenna
design, and allows for the use of array antenna to improve the antenna gain to overcome excessive path
loss in the millimeter wave band [11,12]. In addition, the dual band antennas solutions are desirable
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for 5G applications. Several works of literature have proposed dual-band 28/38 GHz antennas for
mobile phones through several techniques [13–22].

The aim of this article is to design a dual band patch array antenna, for 5G mobile phone
communication, with: high gain, radiation pattern beams characteristics, wide bandwidth, and a
simple geometry which is formed by using the “Inverted-F” element. To improve the antenna gain,
the array antenna technique is applied and gives us gains of 16.52 dB at 28.38 GHz and 15.35 dB at
38.49 GHz for an array of 32 elements.

2. The Single Element “Inverted-F” Antenna

2.1. Antenna Geometry

The aim is to design an antenna with a high gain and a directional radiation pattern for mobile
phones in next generation mobile communication. Since the millimeter wave band is reserved for
future 5G systems, the antennas that operate in this band are of small sizes. The dimensions and
the geometry of the antenna are given in Figure 1. This antenna is designed on a FR4 substrate
with permittivity εr = 4.4, loss tangent tan δ = 0.025 and thickness hs = 0.2 mm. The ground plane
dimensions are 5.5 × 4 mm2. To obtain two distinct operating bands, the antenna has the shape of an
“inverted-F”. The configuration of the “inverted-F” antenna comprises two L-strip branch: one for the
28 GHz band and the other for the 38 GHz band. The parameter values of the antenna are shown in
Figure 1. The antenna was designed and optimized using CST Microwave Studio.

   
(a) (b) (c) 

Figure 1. The geometry of the antenna: (a) ground plane, (b) bottom view and (c) side view.

2.2. Parametric Study

To understand the operating behavior of the 5G antenna, a parametric study is performed by
CST microwave studio. Figure 2 shows the effect of the variation of patch length Lp on the reflection
coefficient of the antenna (Lp = 1.45 mm, 1.5 mm, 1.55 mm). This figure shows that the resonance
frequencies for the two bands 28/38 GHz shift to lower frequency with increasing Lp. The results of the
reflection coefficient for the variation of patch width Wp (Wp = 1.65 mm, 1.7 mm, 1.75 mm) are shown
in Figure 3. We notice, with increasing Wp, the resonance frequencies in the two bands, 28/38 GHz,
shift to lower frequencies.
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(a) (b) 

Figure 2. The reflection coefficient with variation of Lp: (a) at 28 GHz band and (b) at 38 GHz band.

(a) (b) 

Figure 3. The reflection coefficient with variation of Wp: (a) at 28 GHz band and (b) at 38 GHz band.

2.3. Reflection Coefficient

The reflection coefficient for the single element of the 5G antenna is shown in Figure 4. The two
operating bands of the antenna are obtained: the first band (S11 < −6 dB) from 27.94 to 28.83 GHz with
a width of 890 MHz and the second band from 37.97 to 38.96 GHz with a width of 990 MHz. The two
bands obtained cover millimeter-wave frequency bands for future mobile cellular devices.

 
Figure 4. The reflection coefficient of the antenna.

2.4. Current Distribution

To understand the operating mechanism of the antenna, the surface current distribution at both
operating bands was studied. The surface current distributions of the 5G antenna at 28.38 and
38.49 GHz are shown in Figure 5a,b, respectively.
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(a) (b) 

Figure 5. Surface current distribution: (a) at 28 GHz band and (b) at 38 GHz band.

Figure 5a shows the simulated current distribution for the “inverted-F” antennas at 28.38 GHz.
From this figure, we notice a large current is excited in the L-strip branch left of the “inverted-F”.
In Figure 5b, the surface current at 38.49 GHz is distributed in the L-strip branch right of “inverted-F”
and has a maximum intensity around this strip.

2.5. Radiation Pattern

The 3D radiation pattern of the single element “inverted-F” antenna at 28.38 and 38.49 GHz are
illustrated in Figure 6a,b, respectively. The obtained results showed that the “inverted-F” antenna had
a good end-fire radiation behavior and a gain of 6.22 dB at 28.38 GHz and 6.33 dB at 38.49 GHz.

  
(a) (b) 

Figure 6. The 3D radiation pattern: (a) at 28 GHz band and (b) at 38 GHz band.

3. The “Inverted-F” Array Antenna

3.1. The Antenna Array Geometry

The chosen configuration for the application is a 32 array element with identical elements.
Figure 7 shows the geometry of the linear array with 32 elements of the “inverted-F” antennas.
The 16 array elements are chosen to be placed in the top portion of PCB, while the other 16 elements are
placed in the bottom portion of the PCB. For uniformly spaced linear arrays, the elements have 4 mm
spacing between them (0.795λ at 28.38 GHz and 1.076λ at 38.49 GHz). The PCB size is 133 × 64 × 0.2 mm3.
The array antenna has been designed, optimized, and simulated using the CST microwave studio.
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(a) (b) 

Figure 7. The geometry of the array antenna: (a) bottom portion of the PCB and (b) top view.

3.2. The S-Parameters of the Array Antenna

The simulated S-parameters for the array antenna are illustrated in Figure 8. From this figure,
we can see that the array antenna exhibits good impedance matching in the 28/38 GHz frequency bands
and the mutual-coupling characteristics between the elements are less than −35 dB.

Figure 8. The S-parameters of the array antenna.

3.3. The Cartesian Gains

The Cartesian gains of the array antenna in x–z plane are displayed in Figure 9. As illustrated,
the array antenna has a good beam steering characteristic with end-fire mode and sufficient gains at
different scanning angles.

A stable gain with a value of 16.52 dB (+10 dB compared to a single antenna element) at 28.38 GHz
is observed in Figure 9a. Additionally, from Figure 9b, we notice that the antenna gain decreases with
the increase in the angle; and it is about 15.35 dB in 0◦ (+9 dB compared to a single antenna element) at
38.49 GHz.
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(a) (b) 

Figure 9. The cartesian gains of the 5G array antenna: (a) at 28.38 GHz and (b) at 38.49 GHz.

3.4. The Radiation Pattern of the Array Antenna

The beam steering characteristic of the simulated radiation patterns of the 5G antenna in different
scanning angles (0◦ to 45◦) is also studied. Figures 10 and 11 show the 3D radiation pattern beams
of the array antenna at 28.38 and 38.49 GHz, respectively. The beam steering characteristic of the 5G
antenna for plus/minus scanning angles are symmetric [16]. We observe, the array antenna has a good
beam steering property which is highly effective to cover the range of ±45◦ [17].

 
Figure 10. The 3D radiation beams in 28 GHz band at different scanning angles; (a) 0◦, (b) 15◦, (c) 30◦
and (d) 45◦.
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(a) (b) 

  
(c) (d) 

Figure 11. The 3D radiation beams in 38 GHz band at different scanning angles; (a) 0◦, (b) 15◦, (c) 30◦
and (d) 45◦.

4. Conclusions

In this paper, a new compact dual-band (28/38 GHz) “inverted-F” array antenna for the future
fifth generation (5G) mobile networks have been demonstrated. The 5G antenna is worked in the
28 GHz mm-wave band (27.94–28.83 GHz) and the 38 GHz mm-wave band (37.97–38.96 GHz) with a
bandwidth 890 and 990 MHz, respectively. Since the proposed antenna is of small size and simple
geometry with the simplicity of reaching the desired frequency bands, it is easy to manufacture and
integrate in the case of the OLEDs. The mutual-coupling characteristics between the elements are less
than −35 dB. To improve the gain of the antenna, we used the antenna array technique. Therefore,
we have reached a high gain of 16.52 dB in the first band and 15.35 dB in the second band. End-fire
radiation beams were achieved by employing 32 elements of “inverted-F” antennas on the top and
bottom portions of the OLEDs display. With 5G communications, the bandwidth and data rate will be
higher, but the distance between receiver and transmitter will be shorter. This makes it necessary to
multiply the antennas across an extended network, for example, such as the public lighting network.
In this context, this antenna is a good candidate for 5G applications and can be integrated in OLED
panels for display as well as in street lighting.
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Abstract: In this paper, a new wideband reconfigurable antenna with beams switching for wireless
systems applications is presented and studied. The radiation pattern of the proposed antenna can
be changed using the PIN diodes. The designed antenna has a bandwidth of 26.75% from 5.31 to
6.95 GHz and can steer the beam in the azimuth plane. The simulated realized gain of the antenna
obtained is 5.9 dB at 5.8 GHz. The proposed antenna can operate for various wireless systems, such as
Wi-Fi, WiMAX, Intelligent Transportation System (ITS) and C-band satellite. The simulated results
are also presented and investigated.

Keywords: reconfigurable antenna; PIN diode; radiation pattern; wideband; Wi-Fi; WiMAX; ITS

1. Introduction

With the rapid development of electronic and wireless communication, performance is important
in any antenna system. The reconfigurable antennas have gained more attention due to their flexibility in
operating frequency, polarization and radiation pattern reconfiguration [1–4]. This makes them highly
suitable for different wireless communication systems. This antenna type can electronically change its
parameters in response to different environments, which has been studied extensively. This means
it can satisfy the diverse requirements and strict standards of advanced wireless communication
systems due to its numerous merits such as reducing size, expanding capacity and wide cover. Optical,
mechanical or electronic switching can be used to accomplish reconfiguration. Electronic switching is
achieved using lumped components, for example, varactor diodes [5], PIN diodes [6–14], RF MEMS
switches [15] or FET transistors.

The reality that distinct wireless applications, such as Wi-Fi, WiMAX and ITS, use various operating
bands and the exigency of Wideband reconfigurable antennas for wireless terminals is also rising.
Multifunction in antennas is an important characteristic that has currently generated more interest in
antenna design development. Contrast with accustomed antennas, multifunctional antennas offers the
capability to dynamically alter several antenna parameters.

In recent years, this antenna type has been proposed and developed more and more. To realize the
pattern reconfigurability, there are various main technical and methods in the literature. The antenna
in [15] performed six operating states by monitoring the states of MEMS switches. The antenna in [16]
achieved two states by controlling the state of two PIN diodes between the feed line and patch elements.
Based on a circular monopole patch and three ship-shaped parasitic patches, the radiation pattern of
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the antenna in [17] would be reconfigured in two modes in the azimuth plane by steering the state of
two PIN diodes. In Ref. [18], by shifting the states of the four PIN diodes, four pattern reconfigurable
states were obtainable. To increase the antenna performance, we propose to use four radiation cells
connected to a central circular patch by using PIN diodes. The PIN diodes are very reliable since there
are no moving parts and are extremely low cost. Patch antenna can be integrated easily with PIN diode
switches to form reconfigurable patch antennas [18,19]. In addition to the pattern reconfigurability,
the objective is to increase the bandwidth and miniaturize the antenna size.

In this work, we propose a new reconfigurable radiation pattern antenna using four fan-shaped
radiation cells that operate either as reflector(s) or director(s) according to the PIN diodes states,
and a square planar ground. The radiation pattern can be changed into four states using four switches.
The antenna main beam can be switched to four directions in the azimuth plane by controlling the states
(ON or OFF) of four Microsemi MPP4203 PIN diodes [20]. The designed antenna has a bandwidth of
5.31–6.95 GHz and can operate for various wireless systems, such as Wi-Fi, WiMAX and ITS.

This work will begin by describing the wideband reconfigurable antenna design and operation
principle to realize the reconfigurability of the radiation patterns. The design evolutions process
for the proposed antenna and parametric study will be presented in Sections 3 and 4, respectively.
The simulation results of the proposed antenna at operating states will be presented in Section 5.
Finally, the conclusion is given in Section 6.

2. Antenna Design

The proposed antenna consisted of a central circular patch and four radiation cells graved on
h = 0.8 mm thick Rogers RT5880 substrate with a relative dielectric constant of 2.2 and a dissipation
factor of 0.0009. A square-shaped ground plane is printed on the bottom surface of the substrate as
shown in Figure 1. The first (yellow area) part is a circular patch located at the center of the proposed
antenna, which is connected to the inner pin of the coaxial cable. The second (red area) parts are four
fan-shaped radiation cells, which distribute around the antenna center symmetrically as shown in
Figure 1a.

   
(a) (b) (c) 

Figure 1. The designed reconfigurable antenna: (a) Top view; (b) side view; (c) bottom view.

The size of the substrate is (W × L × h) = (60 mm × 60 mm × 0.8 mm). The radiation elements are
connected to the central circular patch using four switches in the gap between them, the width of this
gap is 0.3 mm. The four PIN diodes are mounted in the gap between the circular patch and the four
parasitic patches as shown in Figure 2. This antenna was obtained after many optimizations using an
electromagnetic simulator (CST Microwave Studio). The optimized parameter values of the proposed
wideband reconfigurable radiation pattern antenna are given in Table 1.

636



Proceedings 2020, 63, 36

Figure 2. The proposed enlarged antenna center: Top view.

Table 1. Dimensions of the proposed antenna.

Parameter W W0 W1 WC WS Wg L L0

Dimension 30 mm 20.2 mm 3 mm 4.4 mm 34 mm 4.1 mm 30 mm 21 mm

L1 L2 LC LS z h β α

4.5 mm 2.8 mm 4.95 mm 34 mm 5 mm 0.8 mm 40◦ 90◦

3. Design Evolution Procedure

Figure 3 shows the design evolution of the proposed antenna, with corresponding results of
simulated reflection coefficient S11 (dB) as shown in Figure 4a, and simulated gain realized over
frequency of each step as shown in Figure 4b. The simulation results are obtained when the antenna
operates in state 1. This study gives the same results for the other operation states.

 

   

    

(a) (b) (c) (d) 

Figure 3. Design evolution of the proposed antenna: (a) initial antenna; (b) Improved antenna design 1;
(c) Improved antenna design 2; (d) Final antenna.
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(a) (b) 

Figure 4. Simulated reflection coefficient and max gain of different antennas: (a) Reflection coefficient,
(b) Max gain.

The first step in the design of the proposed reconfigurable antenna is presented in Figure 3a.
As can be seen from this figure, on the top side of the substrate four symmetrical circular-shaped
microstrip parasitic patches are placed one opposite the other, and a circular-shaped patch is located at
the center of the antenna, which is connected to the inner pin of the coaxial. On the bottom surface of
the substrate, a square-shaped ground plane is printed. A resonant frequency at 3.93 GHz is created
with −10 dB impedance bandwidth that ranges from 3.91 to 3.95 GHz as shown in Figure 4a. However,
the maximum simulated gain value is 6.90 dB for the initial antenna at 3.93 GHz frequency as shown
in Figure 3b.

In order to enhance the impedance bandwidth, a change in the ground plane was implemented as
shown in Figure 3b. Meanwhile, as in the case of the previous step, on the top side of the substrate,
the antenna geometry remains unchanged. As given in Figure 4a, the improved antenna 1 resonates
at 6.29 GHz with −10 dB impedance bandwidth that ranges from 5.83 to 7.27 GHz. Note that the
improved antenna 1 has a bandwidth greater than that of the initial antenna. On the other hand,
the maximum simulated gain value is around 4.30 dB as shown in Figure 4b.

In order to improve the impedance bandwidth, a change in the parasitic patch geometry is
implemented. The circular side of the radiating cells becomes rectilinear as shown in Figure 3c.
As illuminated in Figure 4a, the improved antenna 2 resonates at 6.29 GHz with −10 dB impedance
bandwidth that ranges from 5.35 to 7.33 GHz. Note that the improved antenna 1 has a bandwidth
greater than that of the improved antenna 1. Meanwhile, the maximum simulated gain value is around
4.21 dB as shown in Figure 4b.

To make the antenna more adapted, deformation at the entry of the parasitic patches was carried
out with slots in the form of triangles as shown in Figure 3d. The proposed reconfigurable antenna
becomes more adapted. The designed antenna has a bandwidth of 5.31–6.95 GHz as shown in Figure 4a.
Note that the final antenna has a gain greater than that of the other antennas. Meanwhile, the maximum
simulated gain value at 5.8 GHz is around 6.0 dB as shown in Figure 4b. The choice of the fan-shaped
design is intended to cover the whole azimuthal plane and to have a new antenna capable of yielding
directive gain patterns in the azimuth plane.

4. Parametric Study

A parametric study was achieved to comprehend the influence on the proposed antenna
performance. Taking state 1 as an example, the parameters are optimized for antenna performance
and tabulated in Table 1. In this section, we study the effects of the main geometric parameters on
reflection coefficient (S11) and antenna gain. We present a parametric study of the proposed antenna
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that is used to obtain the optimal values and the best performance by tuning one parameter at a time
while other parameters are left invariable.

4.1. The Effect of the Length L0

The antenna reflection coefficient (S11) (dB) and the gain are simulated for different values
of the length (L0) of fan-shaped radiating cells and the other dimensions remaining constant are
presented in Figure 5. It can be seen that the impedance bandwidth of the proposed antenna remains
stable and that the frequency resonances are shifted. As illustrated in Figure 5a, when L0 = 21 mm,
the antenna becomes more adapted. On the other hand, the antenna gain remains almost stable for the
5.31–6.95 GHz band when the length L0 = 21 mm as shown in Figure 5b. Therefore, the optimal value
of length is L0 = 21 mm.

 
(a) (b) 

Figure 5. Simulated reflection coefficient and max gain versus the length L0: (a) Reflection coefficient,
(b) Max gain.

4.2. The Effect of the Angle β

The antenna gain and parameter (S11) (dB) are also simulated as a function of the angle β variation.
As presented in Figure 6a, the frequency resonances are shifted. Meanwhile, the antenna becomes more
adapted when β = 40◦. Likewise, the antenna gain is larger at the 5.8 GHz frequency when the angle α

increases from 36◦ to 44◦ as shown in Figure 6b. Therefore, the optimum value of this angle is β = 40◦.

 
(a) (b) 

Figure 6. Simulated reflection coefficient and max gain versus the angle β: (a) Reflection coefficient,
(b) Max gain.
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5. Simulation Results and Discussion

Based on the PIN diode states, the different radiating elements of the antenna can be selectively
powered by the circular patch. Therefore, a series of simulations was performed as given in Table 2.
The PIN diode resistance and capacitance in the ON and OFF conditions are 3 Ω, 0 pF, and 25 kΩ,
0.8 pF, respectively [18,19]. By controlling the biasing of the PIN diodes, the distribution of the antenna
surface current will be modified; this will deflect the direction of the antenna radiation. The radiating
cells operate either as reflector(s) or director(s) according to the switches states. This shows that the
proposed antenna has four operating states named as state 1 (S1), state 2 (S2), state (S3) and state 4 (S4).

Table 2. The antenna operating states.

Operating States PIN Diode 1 PIN Diode 2 PIN Diode 3 PIN Diode 4

State 1 ON ON OFF ON
State 2 ON ON ON OFF
State 3 OFF ON ON ON
State 4 ON OFF ON ON

The reflection coefficient (S11) (dB) of the proposed wideband reconfigurable antenna is presented
in Figure 7. The simulated results show that the proposed antenna has a bandwidth of 26.75% from
5.31 to 6.95 GHz with (S11) less than −23 dB. The simulated results are obtained when the antenna
operates in state 1. The same results are given for the other three operation states.

Figure 7. Simulated reflection coefficient S11 (dB).

Far-field radiation patterns of the proposed antenna are simulated using an electromagnetic
simulator. Figure 8a–d show the simulated radiation patterns in the azimuth plane (XOY plane).
The main beam of the proposed antenna can be steered to approximate φ = 0◦, φ = 90◦, φ = 180◦ and
φ = 270◦, for State 1 to State 4, respectively. The radiation patterns in elevation are similar and the main
beam directions all point at θ = 36◦. Far-field radiation patterns at frequencies 5.8 GHz and 5.9 GHz in
the azimuth plane show that the proposed wideband reconfigurable pattern antenna radiates in four
different directions as shown in Figures 8 and 9.
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        : 5,8 GHz           : 5,9 GHz 

 

(a) (b) 

 

(c) (d) 

Figure 8. Simulated radiation patterns of the proposed wideband reconfigurable antenna in azimuth
Plane: (a) State 1, (b) State 2, (c) State 3, (d) State 4.

 

 

 

 (b)  

 
 

 

(c) (a) 

 

 

 

 (d)  

Figure 9. Simulated 3D radiation patterns at 5.8 GHz: (a) State 1, (b) State 2, (c) State 3, (d) State 4.
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To validate the proposed design, Table 3 presents a comparison between our wideband
reconfigurable antenna and other previously reported designs. It is clear that the impedance bandwidth
of this antenna is higher than that of all published patterns reconfigurable antenna. According to
Table 3, the proposed antenna not only has pattern-reconfigurability and an enhanced bandwidth,
but also possesses additional advantages—notably its smaller size.

Table 3. Comparison between recently proposed antennas and the proposed wideband
reconfigurable antenna.

Ref. No.
Impedance
Bandwidth

|S11| (dB) Peak Gain Azimuth Plane Beam-Scanning Switch No. Size (λ0*)

[7] 18.6% 22 6~6.5 dBi 360◦ 4 1.37 × 1.37 × 0.02
[18] 4.7% 40 8.22 dB 360◦ 4 0.94 × 0.94 × 0.03
[19] 5.6% 20 4.7~7.3 dBi 180◦ 8 1.17 × 1.17 × 0.08

This work 26.7% 23 5.95 dB 360◦ 4 1.14 × 1.14 × 0.01

λ0* is the wavelength of the free space.

6. Conclusions

In this work, a new wideband reconfigurable radiation pattern antenna using four fan-shaped
radiation elements is simulated and studied. Based on the four PIN diode biasing, the nominated
antenna can operate at four basic different modes and achieve radiation pattern reconfigurable
characteristics. When the operation states of the proposed antenna steer sequentially, the main
radiation beam can be changed in four different directions and can cover the whole azimuth plane.
The designed antenna can supply a wideband ranging from 5.31 to 6.95 GHz. As is known, this band
is exactly reserved for Wi-Fi, WiMAX, ITS and C-band satellite. Therefore, the proposed design fulfills
the goal of this work absolutely.
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Abstract: This work presents research on the influence of the variation in humidity of the medium on
the Ground-penetrating radar GPR response. During this research, we used a GPR SIR 3000 system
coupled with a 400 MHz frequency antenna, and GprMax and Reflexw software, which are based
on the numerical method known as finite difference in time domain (FDTD). The results obtained
(experimental and by simulation) have shown that the reflection force and the penetration depth of
GPR waves are strongly related to the physical properties of the objects and the medium inspected.
The increase in the conductivity of the inspected medium causes areduction inthe depth of the GPR
waves, which causes the non-detection of objects.

Keywords: electromagnetic wave; Snell’s law; conductivity; ground penetrating radar; object detection;
humidity; Reflexw and GprMax simulation

1. Introduction

Ground penetrating radar is a non-destructive technique used to assess the location and depth
of underground targets [1,2]. It is based on the emission, by an antenna coupled to the ground,
of short electromagnetic pulses, of harmonic waves confined to a certain frequency band. Once the
transmitted signal is returned, by deep-buried objects, it will be picked up by the GPR receiving
antenna and will be transformed into a response signal, which is in the form of an image called a
radargram. This image radargram will be processed with specialized software to collect information
from the subsoil [3]. Its wide range of sampling frequency combined with its non-destructive nature
and its ease of implementation have enabled it to find a large number of applications [4] such as
archeology, the construction of buildings, the detection of antipersonnel mines, shallow geological
research or the criminal science sector, where it can be used can find corpses or buried weapons,
etc. [5–8]. GPR provides the precise spatial location of targets from high-resolution images over short
periods. These images can be affected by several factors such as the nature of the ground, internal and
external noise, etc. The interest of this work focuses on the influence of the variation insoil humidity
on the quality of the radargram.

2. Snell–Descartes Laws

When an electromagnetic wave strikes the interface between two media with different dielectric
properties, part of its energy is reflected and the rest is transmitted to the lower medium (Figure 1).
The incident, reflected and transmitted wave directions are linked together by Snell’s law [9–11].

θi = θr (Snell’s law of reflection) (1)
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β1 sin θi = β2 sin θt (2)

β1: medium1 wave number; β2: medium2 wave number.

Figure 1. Diagram representing the phenomena of reflection and transmission at the interface between
two media which represent different dielectric contrasts.

If several interfaces are present, this rule must be applied to each limit and the wavefront or
rays must bend or change direction at each limit. If the speed or the materials vary continuously,
this relationship still applies. In GPR, medium 1 can easily be considered as an atmospheric environment
and medium 2 considered as the soil or material to be probed [12,13].

3. Methodology

In this work, we have used a GPR SIR3000, Gprmax and Refexw software.

• GPR SIR3000

The SIR3000 is a lightweight, portable, single-channel (Figure 2), ground-penetrating radar system
that is ideal for a wide variety of applications.

 
Figure 2. GPR SIR3000.

• Reflexw

This is a processing software program for GPR and seismic wave propagation based on the
Finite-difference time-domain FDTD. Field data as well assynthetic data can be processed in two and
three dimensions. In our case, we used the Reflexw 2D [14].

• GprMax2d
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GprMax is based on FDTD and is available free of charge for both academic and commercial
use; it has been successfully employed in many situations. The tool can be downloaded from
www.gprmax.org or by contacting the author [14].

4. Results and Discussion

4.1. Simulation Results

The purpose of this paragraph is to show the influence of the humidity of the mediumon the
GPRoperation. We simulated the detection of a conductive object (circular) buried in a medium of wet
sand by varying each time the conductivity of the medium and the depth of the object.

• With a conductivity of 0.001 s/m, the targets are easily detectable by the GPR in the two depths
chosen for this study: 0.3 and 0.7 m.

• We also note that with a conductivity of 0.01 s/m, the GPR detects objects but with less visible
hyperbolas than for the previous case.

• Meanwhile, for aconductivity of 0.1 s/m, and at a depth of 0.3, the presence of the object is indicated
by an almost invisible hyperbola, and at a depth of 0.7 m, the object is invisible.

Following the results obtained, it is clear that the change in conductivity affects the quality of the
GPR results.

4.1.1. Simulation of a Medium with a Conductivity of 0.001 s/m

Figure 3a,b present two models of two conductive objects buried in a medium of wet sand with
a conductivity of 0.001 s/m at two different depths, 0.3 and 0.7 m, while Figure 3c,d present the
radargrams obtained. We note the detection of two objects in this case; the presence of each object is
indicated by the presence of a clearly visible hyperbola.
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Figure 3. Simulation results(a,b) models of two conductive objects buried in a medium of wet sand at a
depth of 0.3 and 0.7 m (c,d) object detection radargrams.

4.1.2. Simulation of a Medium with a Conductivity of 0.01 s/m

In this case, we simulated the detection of the same previous objects in the medium of wet sand
with a conductivity of 0.01 s/m. On the obtained radargrams (Figure 4c,d), we note that the hyperbolas
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indicating the presence of objects are less clear than the previous case due to the increase in the
conductivity of the medium.
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Figure 4. Simulation results(a,b) two conductive objects buried in a wet sand medium at a depth of 0.3
and 0.7 m (c,d) object detection radargrams.

4.1.3. Simulation of a Medium with a Conductivity of 0.1 s/m

In the case where the conductivity of the medium is 0.1 s/m, we note the detection of the object
at a depth of 0.3 m, with a hyperbola that is almost invisible, while at a depth of 0.7 m, the object is
invisible due to the increased conductivity of the medium and the depth of the target (Figure 5c,d).
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Figure 5. Simulation results(a,b) two conductive objects buried in a wet sand medium at a depth of 0.3
and 0.7 m (c,d) object detection radargrams.

4.2. Experimental Results (by GPR Radar)

This section presents experiments carried out on the beach in the city of Martil (located 12 km
from Tétouan), in order to detect buried objects of different types using our GPR radar system
(model SIR3000), equipped with an antenna of 400 MHz. For this experimental study, we used:

• A conductive object,
• A container (empty and filled with sea water) and
• A rocky object.

The results obtained experimentally by the GPR were processed by the Reflexw software; with this
same software, and using the same objects mentioned above, we carried out simulations of the GPR
measurements and we found good agreement between them.

4.2.1. Conductive Object

For the detection of the buried conductive object (Figure 6), we chose two depths: 0.3 and 0.5 m:

• Depth 0.3 m

 
Figure 6. Image of a conductive object with dimensions 0.61 × 0.35 m.

Figure 7a shows the radargram obtained at this depth; we can see the presence of the hyperbola
indicating the object in question. It is clearly visible, due to strong reflections by the conductive object.
Figure 7b shows the result of the same object and under the same conditions as those of the experiment.
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(a) (b) 

.001s/m 

Figure 7. (a) Result obtained by GPR, and (b) result obtained by simulation.

• Depth of 0.5 m

At a depth of 0.5 m, we noticed that the hyperbolas which represent the conductive object seem
less visible than for the previous case (depth of 0.3 m), due to the increase in depth, which decreases
the intensity wave reflection. We also observed this difference in the results obtained by simulation,
shown in Figure 8b.

  
(a) (b) 

.001s/m 

Figure 8. (a) Result obtained by GPR, (b) result obtained by simulation.

4.2.2. Use of Dielectric Objects: A Plastic Container (Empty Then Filled with Seawater)

During this experiment, we proceeded as follows:

• First, we tested the GPR with an empty underground container (Figure 9);
• Then, in a second step, we used the same container but this time the container was filled with sea

water (see Figure 9b).

650



Proceedings 2020, 63, 37
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Figure 9. (a) Image of an empty container, (b) image of a container filled with water, (c,d) the
resulting radargrams.

We found that the GPR could not detect the presence of the empty container (Figure 9c). On the
other hand, when the container was filled with sea water, which has a high conductivity, the visibility
of the object was better (Figure 9d). This is due to the significant difference in permittivity between the
water inside the container and the medium, which created strong signal reflection.

4.2.3. Use of a Rocky Object

In this case, we buried a rocky object at a depth of 0.2 m (Figure 10a); despite this small depth,
the GPR was unable to detect the object, which was due to the humidity of the environment and the
poor reflection of the rocky object.

  
(a) (b) 

Figure 10. (a) Image of a rock, (b) radargram obtained.
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5. Conclusions

The study presented in this work allowed us to gaina global idea of the GPR response for targets
with different physical properties and shapes, buried in a wet sand medium.

The results obtained showed that:

• The conductive objects are easily detectable by GPR due to their high conductivities, which cause
total reflection of the signal.

• The higher the difference in permittivity between the object and the medium, the greater the
reflection strength of the signal.

• The humidity of the medium reducesthe penetration depth of GPR waves, which causes the
non-detection of targets.
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Abstract: This paper presents the design of a compact size band patch antenna for 5G wireless
communications. This wideband antenna was designed on a glass substrate (12 × 11 × 2 mm3) and
is optically transparent and compact. It consists of a radiation patch and a ground plane using
AgHT-8 material. The antenna design comprises rectangular shaped branches optimized to attain
the wideband characteristics. The calculated impedance bandwidth is 7.7% covering the frequency
range of 25 to 27 GHz. A prototype of the antenna and various parameters such as return loss
plot, gain plot, radiation pattern plot, and voltage standing wave ratio (VSWR) are presented and
discussed. The simulated results of this antenna show that it is well suited for future 5G applications
because of its transparency, flexibility, light weight, and wide achievable frequency bandwidth near
the millimeter wave frequency band.

Keywords: transparent antenna; 5G communications; AgHT material; glass substrate; optical antenna

1. Introduction

Over recent decades, wireless mobile communication technology has developed significantly
despite its relatively recent establishment. The fifth generation (5G) mobile communication system
will be deployed on a large scale in the next decade, and it will bring us many advantages such as
higher transmission rate, high bit rate with lower battery consumption, and shorter latency than the
current 4G system [1,2].

Today, the modern telecommunication industries are already moving towards 5G enabled devices,
and some are working on fully transparent and flexible devices [3]. Such cases create the need for
flexible and transparent antennas to be designed in the 5G and millimeter wave frequency band.

Transparent antennas operating in the wireless frequency regions are useful in glass-mounted
applications including automobiles, homes, and businesses where transmission and reception through
or from a window is desired. Transparent antennas have been fabricated with AgHT materials,
indium tin oxide (ITO) [4,5], and fluorine doped tin oxide on glass and polyimide. The use of a
transparent conductor can pose challenges in fabrication and in application [6].

Among them are losses in films with lower conductivities, film thicknesses less than skin depth,
and other complications, specifically additional losses and lower radiation efficiency posed by the
presence of a transparent ground plane on thin substrates in standard, planar antennas.
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The main objective of this work was to design and analyze a transparent antenna operating in the
wide frequency band of 26 GHz. The frequency range extends from 25 to 27 GHz, which covers the
band for 5G applications. The size of the compact antenna is (12 × 11 × 2 mm3).

The article is organized as follows. Section 2 summarizes a literature review, and Section 3
describes the antenna design and its initial calculation. Results and discussion are presented in
Section 4 followed by the conclusion in Section 5.

2. Literature Review

The antenna design is one of the most important factors to be considered in order to fully utilize
the 5G technology. However, a few design issues can affect an antenna’s performance. Aside from
that, in fabrication process, mechanical inaccuracies and errors can affect the antenna performance [7].
As presented in Table 1, a number of transparent antenna designs have been proposed in literature
such as dual-band [8,9] and ultra-wideband [10–13] characteristics, but very few cover millimeter wave
applications. In Ref. [14], a semi-transparent flexible antenna working in the range of 7 to 13 GHz is
proposed for 5G applications using polyethylene terephthalate (PET) and silver nanoparticles.

Table 1. Comparison of the proposed transparent antenna with other existing antennas.

Ref
Operating

Bands (GHz)
Return Loss at

Resonance (dB)
Gain (dB) Transparent Size (mm2)

[14] 7–13 <10 5 Semi-transparent 60 × 75
[12] 2.2–12.1 <10 3–5 Yes 17 × 33.5
[11] 2–13 <10 1.5–3 Yes 20 × 20

Proposed antenna 25–27 40 5.5 Yes 12 × 11

This paper proposes a transparent patch microstrip antenna working at 26 GHz frequency with
compact size, simple shape, and good performance.

3. Antenna Design and Parameters

This section describes in detail the geometrical configuration and a procedure for designing the
transparent compact antenna for 5G applications. The concept of designing this antenna is based on
the square ring monopole antenna structure.

3.1. Design of Transparent Antenna for 5G

Figure 1 shows the stepwise design evolution of the proposed antenna, which was designed and
optimized using CST Microwave Studio software simulator.

The optically transparent antenna comprises transparent glass with a dielectric constant of 4.82
and 2 mm thickness as the substrate material. Transparent conductive oxide AgHT-8 with a surface
resistivity of 8 Ω/m, which is equivalent to the conductivity of 125,000 S/m, constitutes the patch
radiator and ground. A feed line with a width of 3.58 mm is used to achieve 50 Ω impedance matching.

Front and rear views of the proposed antenna are shown in Figure 1a,b. A partial ground plane is
used to increase the performance of the antenna and ensure the impedance matching. The optimized
dimensions of the proposed transparent antenna are listed in Table 2.
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Figure 1. Geometry of proposed transparent antenna. (a) Front view; (b) rear view.

Table 2. Dimensions of the proposed antenna.

Parameters Dimension (in mm)

L 11
W 12
Wf 3.58
Lf 4.45
L1 1
L2 1
L3 1
L4 0.5
w1 1.2
w2 2
Lg 4.4
tm 0.0177
hs 2

3.2. Parametric Study

Parametric investigation of the rectangular arm widths was performed to investigate the
performance of the proposed antenna. In this study, rectangular arm width variations are given as
terms w1 and w2.

Figures 2 and 3 show the performance of the proposed transparent antenna with the variations
of w1 and w2. From Figure 2, it is seen that the return-loss performance is better for w1 = 1.2 mm.
When w1 increases from 0.8 to 1.2 mm, the wide bandwidth ranges from 25 to 27 GHz, supporting the
bandwidth requirements for 5G. The −10 dB reflection coefficient performance degrades with further
decrease in the rectangular arm’s width. From Figure 3, it can be seen that the best impedance matching
is obtained as w2 = 2 mm. The center frequency is around 26 GHz, and the bandwidth covered is from
25 to 27 GHz.
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Figure 2. Antenna performance with the variations in term w1.

 

Figure 3. Antenna performance with the variations in term w2.

The optimum values of w1 and w2 were selected as 1.2 and 2 mm, respectively.

4. Simulation Results and Analysis

Simulations of the proposed antenna were performed using Computer Simulation Technology
(CST) Microwave Studio. An antenna parameter of significant importance in the antenna is the
reflection coefficient (S11), which defines the bandwidth and the impedance matching characteristic.
The simulated result of the return loss for transparent antenna is depicted in Figure 4. The simulated
results show that the single element antenna has a reflection coefficient (S11) of −40 dB, less than −10 dB
in the frequency range of 25 to 27 GHz. More than 2 GHz of impedance bandwidth was obtained.

Another imperative parameter beside the reflection coefficient and input impedance that reflects
the antenna performance is the voltage standing wave ratio (VSWR). The antenna is only able to
operate at frequencies where the values of VSWR are less than 2 (Figure 5).
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Figure 4. Simulated return loss (S11) for proposed antenna.

Figure 5. Voltage standing wave ratio (VSWR) values of the single element antenna.

The gain performance of the proposed transparent antenna is shown in Figure 6. The high positive
gain performance is observed all over the working frequency band. The peak gain of about 5.5 dB is
observed at 26 GHz. This positive gain and widespread radiation pattern ensure the stable performance
of the antenna for 5G applications.

The radiation patterns in terms of E-plane and H-Plane are shown in Figure 7. It can be noticed
that the E plane radiation pattern appears bi-directional at 26 GHz, and the H plane pattern covers a
wide aperture angle with three main orientations.
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Figure 6. Simulated peak gain of the proposed antenna.

 (a)                                (b) 

Figure 7. (a) E-plane radiation pattern at 26 GHz; (b) H-plane radiation pattern at 26 GHz.

5. Conclusions

With the development of 5G communication, the integration of transparent antennas on glass
surfaces or OLED lighting sources will become a necessity in the next decade. In this study, transparent
antennas of simple shape and miniaturized structure were investigated. The proposed antenna is
potentially a good option for fifth generation (5G) wireless systems that require high gain topology
and low profile. The simulated results show a reflection coefficient of −40 dB with an S11 of less
than −10 dB in the frequency range 25 to 27 GHz and an impedance bandwidth of more than 2 GHz.
In the future, we will try to manufacture the proposed antenna and compare the radiation pattern and
reflection coefficient of the simulated and measured results.
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Abstract: This scientific article highlights the development of an all-terrain intelligent robotic vehicle
(ATIRV) platform, its overall structure, virtual modeling and simulation programs (such as Unity 5),
electronic controls, and corresponding modules. This paper also shows the physical structure
developed for the all-terrain intelligent vehicle and some of its components, which allow other
modern robotic vehicles to operate autonomously and automatically in uncharted and dangerous
environments. The practical part of the project has been developed by using state-of-the-art features
like tele-metrics, tele-operation, drive assist modules, and autonomous navigation using the physical
model of the all-terrain intelligent vehicle as structural model in the research experiment and for
validating the initial hypothesis (of automatic ATIRV). Other scientific contributions consist in the
determination of operational (kinematic and dynamic) parameters. Their comparison with reference
values guides the paper’s discussions and conclusions.

Keywords: automation; intelligent systems; design; manufacturing; robotic vehicles; vulnerability

1. Introduction

Design and development, supported by computational power, are already applied in the
optimization of robotic systems [1]. Hazardous environments involve the usage of robotic applications
for the detection of combat-mines, explosives, and dangerous materials to save lives and to protect
the health of civilians and personnel engaged in decontamination. Applied solutions concerning
robotic systems for quasi-autonomous inspections [2], dangerous material detection/measurement [3],
harshness assessment [4], personal safety [5], automated controlled vehicles [6], and Strengths,
Weaknesses, Opportunities, and Threats (SWOT) analysis of the development processes [7] have been
partially approached, and applied in laboratory research. They also have been field-tested in given
conditions to some extent [8,9]. Dangerous fields, such as postwar areas, roads, agricultural terrains,
and accident sites with fatal casualties, are seen to be the beneficiaries of remotely controlled robotic
applications. If combat-mines or sharp or cutting metals exist in the surface soil, then that field has
a high degree of risk potential in other civil applications (injury may occur and fatalities and bodily
integrity threats are possible). Analyzing applied data from cross-sectional testing of operational
parameters is a request in the fields of vehicle use, terrain exploration, and other utility equipment [10].
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Studies of smart control of the operational systems installed on the utility vehicles [11], and the optimal
planning of displacement, in the case of mobile robots, using mathematical algorithms [12] as well
as Arduino and other platforms [13–15], were applied for specific propulsion and robot-in-the-loop
coordination [16]. Resource protection and security are two of the main objectives for these kinds of
developments. Enhanced power sources are a key factor [17] for autonomous robotic vehicles [18]
in hazardous scenarios [19].

The primary objectives of the present paper include designing an all-terrain intelligent robotic
vehicle (ATIRV); developing of a low-cost model for metal detection; studying the faults, challenges,
and vulnerabilities of the laboratory model; extending the capabilities of the laboratory work to
the real-size vehicle; and presenting the first test results. The ATIRV design process, development,
and testing sequences cover aspects regarding multiple operating modes (such as accelerate, drive,
brake, decelerate, and detect), as well as engineering innovation solutions for reaching the primary
objective of research. This research addresses problems and aspects related to designing, programming,
sensor installation, remote digital management, vehicle electronic control, actuator structures,
and multiple practical testing (both in laboratory conditions with a low-cost mini-model and in the
field scenario with a real-size all-terrain vehicle). These scenarios have been made to verify the physical
platform and the predefined algorithms for automated driving. Challenges, faults, and vulnerabilities
of the robotic models were also closely monitored during the design and development process.
The intelligent components installed in this application consist in fuzzy regulators which are used in
the vehicle’s control part. First, a virtual reality model for an experimental mobile robot with field
exploration and detection capabilities was created. Second, the mini-model for laboratory testing
was realized. The third phase presented the real-size vehicle dynamic field testing in which the
programming and digital control were applied to an actual All-Terrain Vehicle (ATV) for data recording
and scientific study of the problem. The main tasks of ATIRVs are field exploration and the detection
of metal objects (like combat-mines).

2. Materials and Designing Method

The applied scientific work is supported by an adaptable design of an automated robotic all-terrain
vehicle that is designed to detect specific objects in broken or hazardous terrains. Considering these
aspects is a quite often debated and defined problem in robotics and mechatronics, especially when high
mobility or autonomy is required. Significant demands for this kind of robotic applications are also taken
into consideration in domains regarding victim assistance, complex fires, atomic hazards, and space
exploration. During the sequence of ATIRV designing and project development, engineering-specialized
programs (such as Unity 5, MATLAB/Simulink, AutoCAD, and SolidWorks) were used to study both
the one-degree model and the all-terrain-wheeled robot with mathematical equation systems.

A series of calculations and programming were done to determine and control the operational
dynamic parameters related to robotic vehicles by using a digital platform. A simple diagram with the
connections of the components is shown in Figure 1.

Virtual reality (VR) is the cutting edge of technology development. Using VR tools facilitates
the experimentation of a new reality (that does not exist in material world). It is used in important
applications (such as the ones mentioned and proposed in the present paper). Part of the design
for ATIRVs is supported by the Siemens NX program. In the first place, the robot’s platform was
generated. This was provided with “home position” for the robotic arm, headlights, energy source,
and antenna. After the virtual creation of the robot’s platform, the wheel train was designed. Then the
components were assembled and a format conversion was made to facilitate implementation in the
virtual reality. After the 3D construction and virtual modeling of the mobile robot, it was imported
into the Unity 5 environment, which supports specific formats and extensions such as “3ds”, “dae”,
“dxf”, “fbx”, “obj”, and “skp”. The next step was to assign material properties to the components of the
mobile robot in the Keyshot program. The main challenge was the size of the resulting file, which was
considerably large. Due to the problems in using such a volume-demanding format, the alternative
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3ds Max program became appealing. This software solution allowed complex 3D modeling, animation,
rendering, and graphical composition in motion. All the components must be verified in 3ds Max to
have a correct load. Other faults and challenges were found in the fact that the 3ds Max program did
not keep the restraints from Siemens NX. The positions of the axles were, at this point, misplaced.
Beside all the designing process, one specific innovation was the solution for aligning all the axles in
the correct positions. We assigned coordinates to each part of axis. Then we replaced all the axles of
components according to the topological data from Siemens NX, obtaining in this manner the correct
positions of the corresponding components. This was done by selecting the specific part from 3ds Max,
entering the pivot menu, and changing the axis position. After assigning physical material to each
component, the importation process needed to be realized into the Unity 5 application.

 

Figure 1. Simplified structure of the physical components (a) and the control algorithm (b) for all-terrain
intelligent robotic vehicles (ATIRVs).

An important step in the design and virtual development of the ATIRV consisted in material
assignation and rendering from wireframe and coating parameter definition, as shown in Figure 2.

 
(a) 

 
(b) 

Figure 2. Virtual modeling with material map browser: (a) assigning materials to virtual components;
(b) rendering of robotic vehicle from wireframe after the components were “materialized”.

The Unity 5 environment is used for 3D games and VR simulators, allowing 3 programming codes
(C#, JavaScript, and Boo) and exporting capabilities for multiple operating systems. Prior to ATIRV
import into the Unity 5 application, a textured environment was generated using the Gaia program,
which allows the creation of vegetation, water, and rocks (of different sizes and shapes), as shown
in Figure 3.
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Figure 3. Virtual modeling of the sustaining environment in the Gaia program for implementation into
Unity 5.

The Unity 5 application may be generated for different types of operating systems (Android, iOS,
Linux, Mac, PC, PS4, Xbox, etc.), as shown in Figure 4.

 

Figure 4. Importing the Gaia environment in Unity 5 and the Operating System (OS) selection.

With the support of the developed virtual model, a laboratory mobile mini-robot was realized
to test similar features, such as detection and exploration, for the ATIRV. The software application
facilitated the virtual modeling of different robotic mechanisms. Robotic design allowed an improved
control of the automation suitable processes. The design and development of the lab model was
strongly facilitated by the virtual construction of the automated vehicle. The virtual model may be
designed and simulated on the same computer station, but the physical model has two distinctive
control units, one being the server (at the programming level) and the other being the client Espressif
Systems Part (ESP 32 micro-controller).

The electronic control unit acquires all the signals and information from the transferring module
once the transfer procedure is complete and will send the signals toward the powertrain assembly
to drive the ATIRV to the new defined location. In relation to the physical road track, the method of
detecting and following the magnetic material lane is very efficient and reliable in this type of robotic
application for reaching the expected outcome and proper results. The optimal driving track lane is
realized when taking into consideration all the aspects and vulnerabilities that may occur. The ATIRV
was a battery-propelled electric vehicle which could charge with electricity automatically. To improve
the ATIRV operational performance, inductive power transfer methods were applied.

Material components used by the present work consist in electronic software programs,
command units, and physical actuators for controlling the automated vehicle (specific data regarding
technical features are offered in Table 1).

Table 1. Specific data regarding the robotic vehicle materials used for research.

Programming Level Command Level Actuator Level

Operating system Metal detector Feetech
Arduino GPS module; TTLinker Board SCS 15

C++ ESP 32; Lipo Accumulator Servomotor
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3. Development and Results

Proximity sensing transducers were installed in the robotic ATIRV driveway in order to gain
information about the vehicle’s surrounding obstacles, kinetic actions, distances, and empty paths,
the kinds of data which practically impose the starting and stopping sequences. Photometric transducers
were set up to gain information concerning obstacles or objects on the track. A predefined object
detection module was also provided, and a physical transfer system facilitated detection and
deactivation of hazardous materials with a package of special mechatronic equipment, in which
all electric and electronic connections were interdependent.

The first phase of development consisted in design, calculus of dimensions, and virtual
development using Computer Aided Design (CAD) tools, as shown in Figure 5.

The second important phase consisted in material acquirement and wire connections. Electronic
circuits and sensor connections were made to develop the detection system, which was provided with
LED signaling lamp 1, for object presence, and signal amplifier 2, as shown in Figure 6.

 
(a) 

 
(b) 

Figure 5. Virtual model of the platform for mini robotic vehicle: (a) 2D drawing of the robot platform;
(b) 3D model of ATIRV main platform based on a commercial kit of 4-wheeled remote controlled car.

 
(a) 

 
(b) 

Figure 6. Electronic connection between the GPS module and the microcontroller, as well as additions
to the metal sensor: (a) wiring of the GPS structure with the microcontroller board; (b) detector.

The third phase of the design and development process consisted in vehicle assembly (servomotor
1, TTLinker board 2, conversion board 3) and detection testing. For the power supply of the robot,
a Lipo 7.4 V/1300 mA accumulator 4 was provided. The hardware structure was manufactured and
assembled for ATIRV complete development and for power supply testing, as shown in Figure 7.

A switch was added to turn the robot on whenever required and to turn it off when the detection
task was completed, for energy conservation in the accumulator. One fault of the GPS module,
which was outlined during the tests, consisted in the duration of about 15 min it took to establish
satellite connection outdoor. Indoor, the connecting process became even harder, and it could take up
to one hour. This made robot testing a challenge because we had to make the connection first, prior to
running the detection program. In light of the above-mentioned problem, the robot’s antenna was
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installed above the plastic case of the electronic components, to facilitate satellite connection, as shown
in Figure 8.

 
(a) 

 
(b) 

Figure 7. Platform development of an automated all-terrain digitally controlled vehicle for detection:
(a) basic platform assembly; (b) testing of energy supply system and digital command.

(a) (b) 

Figure 8. All-terrain intelligent robotic vehicle model for detection ready for testing and optimization:
(a) virtual model; (b) laboratory prototype model for testing and development.

The hardware platform we received with the Arduino kit and initially used had some major
issues, a fact which contributed to the personalized design of the mobile robot. Thus, additional
pockets were created in the platform to attach the servomotors for the front D65X28 wheels. Another
adjustment we had to make was the creation of a section where we could attach the robotic detector tool,
since the standard design version of the kit did not include such equipment. The final challenge was
the acrylic plastic material of structural platform from the standard assembly because it would collapse
under the weight and stress of the detector equipment. The power consumption was calculated using
Equation (1).

Using a software interface, the user can define specific IDs to each servomotor. The default ID is 0.
To change the ID with this program the “unlock” checkbox on top must be clicked, the ID value in the
corresponding field written, “set” pressed, and then “WRITE” hit. Additionally, the servo type may be
set to servo-mode or to wheel mode, and many other pre-testing specifications may be set, by using
script-fields and selection boxes for data input, as shown in Figure 9.

(a) (b) 

Figure 9. Feetech FD-v1.8 software application: (a) defining the ID of servo motor; (b) menu for
kinematic and dynamic parameters definition.
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Microsoft Visual Studio 2017 was used for the design and development of the graphical user
interface with map display system and client-server communication, as shown in Figure 10.

The server in this case is on the PC station inside the control room and the client is on the mobile
robot that is remotely driven through the smart application.

(a) (b) 

Figure 10. User-adapted graphic interface and the communication tool between the client and server:
(a) coordinates definition; (b) data saving tool in the user interface and map location monitoring.

For experimental testing of the proposed idea was considered a research-prepared ATIRV, as shown
in Figure 11.

Figure 11. Simplified schematic (a) of the experimental proposed ATIRV (b) consisting of the following
main components: (1) front sensor; (2) sensor support; (3) conversion board and wire assembly box;
(4) experimental configured ATIRV; (5) GPS module safety box; (6) accumulator safety box.

The hardware assembly we received with the experimental ATV kit and first used in testing had
multiple major issues, a fact which contributed to the specialized design of the ATIRV. Thus, additional
components were created and placed in the front of the vehicle to attach the metal detecting sensor,
the wiring box, the GPS protection case, and the accumulator safety cover. Additionally, the ABS
(Antilock Braking System) needed to be programmed as BAS (Braking Assist System) to improve
stopping control of the wheels. Another contribution we had to make consisted of an adjustment
where the metal detector sensor was attached, since the standard design version of the kit did not
include such equipment. After solving the practical challenges, tests were performed.

During the experimental testing, kinematic data were obtained by using GPS data and acceleration
sensor, which are significant data of ATIRV operation.

Longitudinal accelerations and speed variations on horizontal terrain were graphically represented
for two distinctive testing scenarios ((a) without any added load; (b) with a load of 1000 N), as shown
in Figure 12.

The actual values obtained in the process of experimental testing of the practically prepared
ATIRV, without any added load, are offered in Table 2.

The real values gained in the process of experimental testing of the practically configured ATIRV,
with 1000 N added load, are offered in Table 3.

The required power was defined using the following mathematical model to gain values:

P = Fi
.v.k, (1)

667



Proceedings 2020, 63, 38

where P is power consumption; Fi is inertial force, in Newtons; v is speed; and k is correction factor
(k = 1.5).

 

(a)  (b) 

Figure 12. Graphics for longitudinal accelerations and speeds for the ATIRV in practical testing
conditions: (a) without any attached load on the vehicle; (b) with 1000 N load attached on the vehicle.

Table 2. Real values gained in practical testing of the experimental ATIRV without added load.

Road’s Configuration,
[-]

Surface,
[-]

Speed,
[km/h]

Max. Deceleration,
[m/s2]

Max. Acceleration,
[m/s2]

Horizontal terrain Irregular
surface

10 11.42 10.91
20 10.21 09.48
30 08.82 08.55

Table 3. Actual values recorded in practical tests of the experimental ATIRV with added load.

Road’s Configuration,
[-]

Surface,
[-]

Speed,
[km/h]

Max. Deceleration,
[m/s2]

Max. Acceleration,
[m/s2]

Horizontal terrain Irregular
surface

10 12.22 09.92
20 11.19 08.47
30 09.52 07.91

4. Discussions and Conclusions

One of the significant innovative contributions of the present research consists in the physical
developed vehicle, which is highly adaptable and has a great degree of flexibility, thus making it suitable
to be implemented in multiple robotic applications and automotive architectures. The connectors,
communication pathways, technical vulnerabilities, and safety aspects were also considered and
evaluated. This work presented the design and results of control protocol for an all-terrain intelligent
vehicle robot which may be applied in a multitude of scenarios, such as surveillance, hazardous
transports, and metal detection, in both muddy and snowy surfaces. The ATIRV was designed to
be electrically powered from a rechargeable battery package (to be used with a solar photo-voltaic
panel charger) and most of the implemented actuators were electric motors. All the latter components
were electronically controlled by integrated microprocessors monitored by the vehicle’s control unit.
The ATIRV was equipped with eight high-resolution digital camera sensors, 3D scanners with laser
technology, a special Inertial Control Unit (ICU), a digital compass, a GPS unit, a radio transceiver
kit, and long-range wireless communication capability. The primary model of the ATIRV focused on
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first-level objectives such as specific detection, 3D all-terrain surveillance and mapping (on-road and
off-road), basic driving styles, basic starting and stopping styles, avoiding obstacles like large rocks
or stone blocks, and driving over off-road surfaces like highly fractured ground and hilly terrains.
The detection tool performed specific maneuvers such as precise locating, searching, removing,
or neutralizing if there were applied additional components. In relation to other research, such as on
semi-autonomous robots [2], this was intended to perform fully automated, even if there was a limit
regarding the complete automation of the experimental kit to the present moment.

Still, the know-how transfer from laboratory mini-model to the real-size field ATIRV was a
significant challenge. It required a precise control of kinematics and dynamics of the robotic vehicle.
The propulsion and the braking needed to be properly managed and precisely monitored. A display
and graphic presentation [14] of the actual values were important in fast monitoring process.

Some descriptors in the process of designing the automated vehicle and from the SWOT analysis
to study its faults and vulnerabilities are offered by Table 4.

Table 4. SWOT analysis descriptors used in faults-and-vulnerabilities mapping of the application.

Strengths Weaknesses Opportunities Threats

Controllable memory Storage volatility Defining standards Buffer failure
Remotely controlled Complex protocols Programming Program hacks

Internet communication Potential privacy risks Extensive reach Data leaks

Development and research of automatic ATIRVs, using VR simulation and laboratory models,
has significant importance in automation and robotics, Computer Aided Design/Computer Aided
Manufacturing/Computer Aided Engineering (CAD/CAM/CAE) integrated systems, sensing and
control, information systems technology, advanced software technology, intelligent systems
and technologies, parallel and distributed computing technology, automotive engineering and
transportation due to improvement of road and traffic safety, data processing techniques,
and operational reliability in the coming years. In the present case, the proposed and tested ATIRV
with an automatic guided driving program had a metal object detection system placed in the front
part, a powertrain, and a steering system inside the vehicle’s structure to drive it optimally in a given
scenario. The researched robot in the present study was a customized all-terrain intelligent guided
vehicle that had the capacity to detect magnetic materials, but it could also be reconfigured for other
specialized tasks. The ATIRV robot acted and drove independently and automatically on its own data
as soon as the program was downloaded inside the electronic control unit. The electronic control
unit was used for both powertrain and detecting system, which were interconnected. The electronic
control unit drove the robotic vehicle and sustained the working process of the automated ATIRV.
Compared to Havlik’s robotic tools for de-mining operations, the present work is still a progressing
project, but there are some expectations for development.
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