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O ABSTRACT 0O

System design starts with specifications as a first step; hence, the correct specifications
need a valid model that can capture the aspects of the system. The fundamental difference
between systems has led to a variety of Models of Computation (MoCs), therefore, no
model can specify all systems individually and more than one model is needed to achieve
that. The Cyber-Physical Systems (CPSs) is a special case of a complex system, for several
reasons; it is a heterogeneous, interactional system and time is a critical parameter in it. On
the other hand, CPS is an edge system in new-generation information technologies such as
loT, big data, cloud computing, artificial intelligence (Al), etc. Therefore, for CPS system
design, a special kind of model is required which needs to be more flexible and have a
great ability to specify heterogeneous systems. This paper points out the shortcomings in
MoCs through a proposed criterion based on the system’s mathematical fundamentals. The
results of applying this criterion to most common MoCs show the structural defect in
MoCs, and the reasons for their limitations in designing CPS systems. Finally, some
examples are introduced as study cases to confirm the results of this criterion.
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Introduction:

Systems are viewed differently according to researcher's perspectives and their ways of
thinking. However, all references indicate that the system is an interaction of different
groups of components to achieve a logical end, to form an integral of a complex whole, to
form a unified whole, or to perform a function that cannot be done by any component
individually [1]. The system is seen through a range of terms, such as inputs/outputs and
the relationship between them.

The CPS system is an integration of computation with physical processes whose behavior
is defined by both cyber and physical parts of the system. It is not sufficient to separately
understand the physical components and the computational components, we must instead
understand their interaction. The term CPS is the conjunction of physical processes,
computation, and communication, and relates to the currently popular terms Internet of
Things (loT), Industry 4.0, the Industrial Internet, Machine-to-Machine (M2M), the
Internet of Everything, and the Fog (like the Cloud, but closer to the ground). All of these
reflect a vision of a technology that deeply connects our physical world with our
information world.

The system is represented by a model, and this model is a simplification of the real system
and contains exactly those characteristics and properties. So, a model is not an identical
copy of the system, and moving from system to model needs a deep understanding and a
good definition of the system. Modeling is a conceptual process that reflects system
specifications. The first step of designing the model is a mathematical definition level, then
in the next step the programming languages capture these mathematical formalisms and
transform their semantics into MoCs as shown in figure (1).

PN
FSM
Programmin DE
. . ¥ Model
Languages 3 of DFG
C++, g
java, =2 Computing «kpn
Python, 7 csp
SR

Figure 1. Abstract Levels of Model

The multiplicity of modelling tools reflects the inability of any model individually to
specify the heterogeneous system [2,3]. This inability can be understood through the
mathematical fundamentals, which is the first level of model construction. Mathematical
system theory is a good tool that can capture the basic concepts of representation and
construction of systems, and this theory allows us to have a deep understanding of these
systems [4, 5].

The main contributions of this work are:

o Focuses on the term CPS, because it is more foundational and durable than all-new
generation information technologies, it does not directly reference either implementation
approaches (e.g¢. the “Internet” in IoT) or particular applications (e.g., “Industry” in
Industry 4.0).

o Proposes an analytic methodology to illustrate the mathematical abstraction levels
of the system, which reflects the fundamental intellectual problem of CPS.
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o The proposed analytic methodology provides that the systems are based on four
mathematical bases.
o Clarifies the shortcomings in Models of Computing and presents the methods to

recover them.

To prove our view, Ptolemy Il (Version 11.0.1_20180619) is used, which is a graphical
modeling and simulation environment, and it is suitable for designing and testing various
types of models. The rest of this paper is organized as follows.

Related works are presented in Section 2. In Section 3, analysis and classifications of the
system. The systematic approach to determine the shortcoming in models is illustrated in
Section 4. Section 5, presents an Anti-Braking System (ABS) as an example of a Cyber-
Physical System. The conclusion is presented in Section 6.

1. Related works

Most research has focused on the general classification of models and their uses. One of
the researches that analyzed the important details of the model is [6, 7], where a group of
specialists at George Washington University created a mechanism to classify models called
VSI (Virtual Socket Interface) Alliance Taxonomy. This mechanism is done by
highlighting the accuracy of the important details in the model according to several axes
(temporal detail axis, data value detail axis, function detail axis, and structural detail axis)
as shown in Figure (2). In addition to the previous axes, the Programming Abstraction
level axis is added to show the concept of hardware and software design in the model.

High Res Low Res

Temporal precision < i I I I I I I >
Gate Rrop Clock Acc  Cycle Approx Instr Cycle Token Cycle System Event Partial order

(pS) (10s of nS)  (100s of nS)  (10s of uS)  (100s of uS)  (10s of mS)  (conc, seq)
Date precision < i i i I I >
Gate Rrop Format Value Property Token
(pS) (Processor-like) (13) (enumeration e.g. Blue)
Functional precision < | | I >
Digital Logic Algorithmic Mathematical
Structural precision < i i I >
Structural Block Diagram Single Block Box
(registers, gate netlist, 1/0-pins) (Major Blocks, composite I/O ports) (no implementation info)
Programming Abstract <« I I I I I I >
Level Object-Code Microcode  Assembly- code HLL DSP Primitive  Major Modes
(1001011) (add, mux...) (C++,C,.)  (Block oriented) (Search, Track)
Resolution of Internal (Kernel) Details Low Resolution of Details=high Level of Abstraction
Resolution of External (Interface) Details High Resolution of Details=Low Level of Abstraction

Figure 2. VSIA model classification axes

The Time Accuracy axis highlights details from the highest time accuracy (High Res)
picoseconds, to the lowest accuracy (Low Res) which is dependent on events ordered
(Partial order). The axis of data accuracy starts from the highest resolution (bit) to the
lowest resolution (Token). The axis of functional accuracy begins with Boolean logic and
ends with mathematical equations. The axis of structural precision starts with information
of big details and ends with blocks with no internal details. The software axis starts with
machine language and ends with system-level design language. As an example, figure (3)
shows the evaluation of FSM and Petri Net using VSIA mechanism [3, 5, 8, 9].
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Figure 3. Evaluation of FSM and Petri Net using the VSIA rating mechanism

In [10], M. Burgin and G. D Crnkovic present taxonomy of existing MoCs according to the
general notion of natural computation, intrinsic to physical systems, and particularly
cognitive computation in cognitive systems (e.g, Existential taxonomy, Temporal
taxonomy, Organizational taxonomy, Representational taxonomy, Operational, Process-
oriented, and Computation levels taxonomy). In [11] P. A. Fisgwick presents a uniform
model design taxonomy whose categories are inspired by categories in programming
language principles, the taxonomy includes a set of primitive model types (conceptual,
declarative, functional, constraint, spatial) and a way of integrating primitive model types
(multimodeling). The authors in [12] survey various approaches to the formal modelling
and analysis of the temporal features of computer-based systems, with a level of detail that
is also suitable for non-specialists.

2. System Analysis and Classifications

Every system consists of homogeneous partial components. Dynamic components are an
example of homogeneous components, they specify by differential equations, and if these
components work in a discrete time domain, they specify by difference equations which
are another type of mathematical method. The computing systems introduced other types
of specifying methods such as discrete events. Discrete events are an advanced form of
modelling and simulation, are associated with the existence of simulation languages and
algorithms, and support the design of computing systems. This type of polymorphism in
modelling is very important, it introduces new concepts such as embedding and quantizing [13].
We mean by embedding; which component is embedded in the other? And what is the
relationship between them? For example, discrete-time systems are a subclass of discrete
event systems, but it does not mean that any discrete-time system is a discrete events
system. On the other hand, quantizing allows for finding the interfacing between the
polymorphisms of the system. For example, discrete events are most appropriate in
distributed and synchronized simulations, especially when joining a system of discrete
events with a system of differential equations. On the other hand, event paths are used to
wrap differential equations models and other models, and by quantizing we get a discrete
signal on the time axis [2, 4, 14].

Many factors and several methods are used to classify the systems, like time, orientation,
modelling techniques, and properties. Some systems are classified according to interaction
with the environment, like cyber-physical systems (CPS) or according to their complexity
[15]. System classification is not an easy task, Figure (4) summarizes the classification of
systems according to several orientations [1, 16, 17].
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Figure 4. System classifications

2.1 Mathematical Abstraction of the System
The objective of mathematical abstraction is to obtain the hierarchical structure of the
system, get enough mathematical knowledge about it, and find out the types of its
components. By mathematical abstraction the task of choosing an appropriate model
becomes easier [4, 18, 19]. In the following the mathematical abstraction levels were
presented as we proposed.
1- Description Level (Level 0): A system is a collection of different subsystems; these
subsystems interact to perform a specific function. In this example, we assume the system
consists of n components (such as Control, DSP, Communication, Biologic, and Other
Components) as shown in figure (5).
2- Formal Level (Level 1): Each component in the system is a process, and all
processes interact by signals. In this level, the processes {P;:i = 1,2 ...} interact with each
other by signals (s;) as follows:

Siout = Pi(Siin) €y
3- Input-Output Relation Level (Level 2): To understand the type of input/output
relation, the system” data (Time, Variables) types must be well defined [20, 21].
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Figure 5. Mathematical Abstraction levels of the system

At the input/output level, there is no information about the properties of the system, it
interacts with the environment through set of inputs Up; = [uy,u,, ..., u,] anda set of
outputs Yp; = [y1,¥2, -, Ym]. We assume that each signal s; whether is output or input
€ (Vpaser Thase) Where Ty.se 1S set of time, and Vi s Set of values [22,23]. The I/O
relation R is changed according to system states. We suppose a set of functions F =
{f,,f,, ..., f,} associated with the states i, and depending on the system’s state and input the
output change. The system presented at this level as follows:
10 = (5, U,Y,F)
U: inputs, Y: Otput, S(Vpaser Thase)
F = {f,,f,, ..., f;, ... }: set of I /O functions

F:U-Y, (2)

4- State Level (Level 3): At this level appear the concepts of past, present, and future.
The current output was produced from the last state and current input. If we propose X is
the set of states, Fgate IS the state functions, and F,,: is the output functions, then the
system presented as follows:

SyStem = (S' U, Y, X, Fstate' Fout)

U:inputs, Y: Otput, X: states set, S(Vpaser Tpase)

Fstate: X X U = X state transition functions 3)
Fout: X X U = Y output functions
5- Variables Level (Level 4): It is the basic level of the system, where all the sets

{S,U,Y, X} are sets of variables. All variables change as function of time and are presented
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mathematically as a pair {s(v,t): v € Vyase, t € Thase} Where v is the value of s at time ¢t

[5, 24, 25, 26].

After we defined the time relation of our proposed system, we defined our variables.
It’s clear from the last level, that the base of any system is a multipair of variables (v, t) €
(Vbaser Thase) @nd these variables take multi form as shown in figure (6)

Vbase Vbase
| S o
: S C, c, *
| Co
i Tbase Tbase
t t
3 @ 5 bbb b b
Vbase e Vbase
o’ e. 2 @ €,
e, ¢ S € ’ e S €1
€1 el
hi hy | e hojh I
X I Tbase I { I Tbaie
L & t © t, by t, Lot ot ot o) ST

Figure 6. Segments types (A): Unifying continuous pieces within a continuous time range, (B): Unifying
fixed pieces at a series of time intervals, (C): Pieces of events within a continuous time range, (D):
Pieces of events within a dashed time range.

In the figure (6.A) The segment S has a value at all points t € [ty,t,] € Tpase € R.
Mathematically, the set Vy,¢. is n-dimension space of continuous segments, i.e. Vyase
R™and S : [t;, ty] = Vhase. Then the system is continuous.

The type of segment shown in figure (6.B) is a subclass of the continuous type shown in
figure (6.A). where the segment S taken different constant values cy, ¢4, ..., Cn—1 € Vpase =
R™at time points t,,t,, t3, ..., th—1 € [to, tn]

The type of segment shown in figure (6.C) is a sampled version of the type in figure (6.A).
where the segment S takes different values ey, e,, ...,en—1 € Vpase at arbitrary time points
ty,ty, ts, ..., thog € [to, t,] Where the distance between time points not same.

The last type shown in figure (6.D) is a subclass of the type shown in figure (6.C) where
the distance between time points is the same equal {h: t; = t;_; + h: h € R, }.
Summarizing the previous, the system’s variables are based on the pair S(s,t) €
(Vbase U {0} X Tpase ) is taken the forms shown in Figure (7) which is the basic level of the system.

(S ‘ t)

Continuous| Continuous Continuous| Disecret Disecret | Continuous Disecret | Disecret ‘
(S ’ t) (S ’ tk) (Sk ) t) (Sk 'tk) ‘
Continuous Discrete time Continuous event Discrete event
system (CS) system (DTS) system (CES) system (DES)

Figure 7. The forms taken by pair (s, t)
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The aforementioned multipair of variables represents the mathematical foundation of the
system, and to obtain a valid model each pair should be specified by a well-defined method
as follows [27, 28]:

- For continuous system (CS), the Differential Equations are a good classical method.

- For discrete time system (DTS), which is a sampled version of a continuous
system, so we can use the Difference Equations to solve these system functions.

- For continuous events system (CES), we determine the system functions by using
arbitrary Probabilistic Methods and as a special case the Continuous Time Markov Processes.

- For discrete events system (DES), we determine the system functions by using
Deterministic Methods (constant time) and as a special case the Discrete Time Markov Processes.
The Time play the main rule in determine the type of methods as shown in the tablel.

Tablel: Type of methods (mathematical techniques)

Variable Continuous Discrete
Time
Continuous Differential Equations Probabilistic Methods
Discrete Difference Equations Deterministic Methods

The discrete-events is a special method introduced by the computing world. And all the
components in computing systems are connected through signals, which are a series of
chronological events defined as follows:

signal: s(eq, €y, ..., €;, ...)

event: e;(v;, t;). (4)

where: v; € Vpase, ti € Thase

So, the system’s components are wrapped by an environment of discrete events. As a result,
the model is valid when it is based on the aforementioned mathematical bases as shown in
Figure (8), which is the main conclusion of the flow diagram.
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Figure 8. Flow diagram summarizes the analytical approach to system from the descriptive level to the
basic mathematical level, and the model design requirements.

2.2 The proposed Criterion

After the mathematical analysis of the system, we obtain the system based on four
mathematical foundations as shown in the figure (8). The proposed criterion based on these
mathematical foundations, the object of this criterion is to show the ability of the model to
capture the heterogeneities in the system, in our approach if the model covered all
mathematical foundations of the system (see Figure (8)), then the model has the best
chance to be a valid and robust model, therefore the better model is who based on the
aforementioned mathematical foundations. Each type of pair of variables reflects one
mathematical foundation, and each mathematical foundations presents one type of system,
so the valid model M is one that fully covers the four foundations as shown in Figure (9).

Base 1 Base 2 Base 3 Base 4
(S!t) (S’tk) (Sk't) (Sk'tk)
v Yy v v v Mathematical
<—§____Q—>

Base level
Valid and

M
robust model -~ D

@D rulCoverage () Partial Coverage

Figure 9. The valid model VM according to our approach

3. Systematic Approach to Determine the Shortcoming in Models
After studying the most important MoCs, and comparing their mathematical foundations
with the aforementioned mathematical foundations of proposed criterion, we notice that no
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model individually can cover all the foundations as shown in figure (10), which indicates a
lack in designing the models, and according to our approach that is the essential reason for
the models’ weaknesses and inability to specify the system. For example, Petri Net and
FSM models are one of the most important models used as a systems level design model,
and according to their formal definition shown in table 2 they cover Base3 and partially
Base4 but they aren't able to cover Basel and Base2, then they are unable to specify the
continuous systems or its sampled version. When using Petri Net and FSM as timed
models (Timed Petri Net, Timed FSM) the time become continuous and the models able to

cover the Base3 only [9, 29, 30].
Table2: Formal Definition of Petri net and FSM

Petri Net FSM
PN = (P,T,A, w,X,), M= (Z,X gxoF)
P isafinite set of places Y isafinite alphabet
T isafinite set of transitions X isafinite set of States
A isasetofarcs, A€ (P X T) U (T X P)|g isastatetransition function, g: X
w is a weight function,w: A - N XX -X
X, is an initial marking vector, %, € N'P! Xo is the initial state, x, € X
F isthe set of final ststes, F € X

By analyzing the formal definition of other models, we obtain the evaluation according to
the proposed criterion as shown in Figure (10), it’s clear no model individually covers all
mathematical foundations which indicates a shortcoming in models. And on the other
hand, most of models designed based on the mathematical foundation Base3, which reflect
the programming language effects on the MoCs.

To recover the shortcoming in models, should be follow one of these rules

- Merging more than one model into a single design (multimodeling),

- Expanded some models to cover the heterogeneity as much as possible in the
system (e.g, Petri Net and color PN (CPN)).

A Models

SR

KPN

SDF
HCFSM
FSMD
CFSM|———(C D G —

CSP

CDFG

DFG
Events Model
Timed FSM
FSM

CPN

Timed PN
Petri Net

DT Model
CT Model Mathematical

Base 1 Base 2 Base 3 Base 4 ~ Base level
(S ) t) (S’tk) (si.t) (Sk’tk)

Figure 10. Evaluation of models according to the proposed criterion [3, 5, 9, 19]
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4. Study Case (Cyber Physical System)

A cyber-physical system (CPS) is the conjunction of physical processes, computation, and
communication as shown in figure (11.a). CPS is an integration of computation with
physical processes whose behavior is defined by both cyber and physical parts of the
system. The equivalence mathematical foundations of CPS are shown in figure (11.b).
Then to modeling the CPS according to the proposed criterion we need a model M¢ps
shown in figure (11.c). It’s clear There is no model in figure (10) fulfills the conditions of

specification of the CPS [31].

< 2
$ %
D 2
S [eX
S *

Analysis

(a) physical
processes 1, R Basel (b)
%y, N
% ¥
Meps Mathematical

Base level
Base 1 Base 2 Base 3 Base 4

(c) (S’t) (S’tk) (Sk’t) (Sk’tk)

Figure 11. A cyber-physical system (a), the equivalence mathematical foundations of CPS (b), CPS
Modeling requirements based on a proposed criterion (c)

. Example: Anti-Lock Braking System (ABS)

The present ABS is controlled by the slip ratio and the wheel acceleration, When the
braking action is initiated, a slippage between the tire and the contacted road surface will
occur, which make the speed of the vehicle to be different from that of the wheels.
Through breaking the wheel effected by several forces and torques as shown in Figure

(12).

quarter vertical load

Fn-Q
Fa l ___ V. (vehicle speed)
(air force)

Fs TB—Q Vo
- p —» (wheel speed)
(braking force) Q)

r

Fe-q(quarter braking force)

Te-Q braking torque  ® Wheel angular velocity
Figure 12. Wheel system parameters during braking action

The slip ratio A € [0,1] indicates the state of wheel speed, if 1 = 0 the wheel rotates
freely, and if 4 = 1 the wheel stopped.
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r=— ©
The braking force given by
Fg_q = f(DpuFy_q (6)
Where f (1) is the function of Road-Wheel Coefficients friction, that is given as follows:
f) =i [1— e = Acy (7)

Where c;, c,, c5 are the Coefficients that determine the road kind (e.g, dry, wet, snowy).
The angular acceleration of wheel during Braking given by

]W(JJ = rFB—Q - TB—Q (8)
The acceleration of vehicle during Braking given by
Air resistance force given by

FA = CAACgUZ (10)
Braking torque given by

Ty = 274VaApPs (11)

At the beginning the ABS OFF and the vehicle run at normal speed v, and oil braking
pressure P = 0. When the driver presses the braking pedal ABS ON the vehicle system
goes into two states as follows:

States Vehicle system
Initial | ABS OFF braking oil Pressure P = 0, vehicle run at normal speed
Statel | ABS ON Increasing Pressure P(t), vehicle and wheel velocity decreasing, and
V>V,
State2 | ABS ON Reducing Pressure P(t) at initial value, vehicle speed decreasing, and
V=Y,

ABS is a cyber-physical system, combine two behaviors. First (Statel), oil braking
pressure increases, and the linear velocity of the vehicle (V) and wheels (1},) decreases
continuously in two different manners (V > V},). Secondly (State2), when the difference
between the wheel’s velocity and the vehicle’s velocity increases a reduce event appears
and becomes (V =1,,) for some moments, then the system moves to a new state of
(V >V,,). Neither model shown in figure (10) can be modelling ABS individually, so we
need to combine the continuous system (CT Model) and continuous events system (FSM)
as a hybrid model. The hybrid model combines the continuous model with FSM [30].
The angular acceleration of wheel and The linear acceleration of vehicle during braking
taken in account the testing values shown in table (2) given by

@ = 2069.297u[1.3(1 — e71%%) — 0.84] — 1.25T;

v = 14.715u[1.3(e 7% — 1) + 0.81] — 0.00024v?
The ABS system move from Statel to State2

51—>52={1 1>0.28
0 1<0.28
Table (2): Vehicle system parameters and testing values

r[m] = 0.3 Wheel radius A m?*] =2 vehicle front face

A €[0,1] Longitudinal slip ratio | plkg/m?®] = 1.2 Air density
¢, =13,¢,=10,c; = 0.8 Constants m[kg] = 1500 Vehicle mass
Fg_o[N] Quarter of braking force wlrad/s] Wheel angular
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velocity
u € [0,1] Road wheel fraction v[m/s] Vehicle speed
coefficient
Fy_q[N] Quarter of weight force Tg_q[Nm] Quarter of braking
torque
Fy[N](4 X Fy_q) Vehicle load Fg[N] Total braking force
¢, =03 Air force coefficient F,[N] Air resistance force
Julkgm?] = 0.8 Wheel Inertial moment glm/s*] =9.81 Gravity acceleration
yq =04 Braking disk fraction ry[m] = 0.15 Radius of braking
coefficient disk
A,[m?] = 1.96E - 3 Cross-section of braking | Pg[bar], [N/m?] Hydraulic pressure
piston

We test the model using Ptolemy Il [32] as shown in figure (13.a), the linear velocity of the
vehicle (V) and wheels (V) shown in figure (13.b), and the figure (13.c) the sequence
events (reduce events) that move the system from Statel to State2 and vice versa.

V1 integrator

)
| 14.715%* (1.3°(-1 exp(-10°lamda))+0.&*lamda -0 00024y
l wi

vl

) Vi integrator
[ — )
¥ 14715 (13"(-T+exp(-10"lamda))+0 &'lamda)-0 00024 v
Pressure
siip sip &
J (w0 3 ————pm o

guard: true
set: vl = 27.78; v2 =92.59

[

O
guard: true |
set: State1.v1 =V1;
State1.v2 = V1/0.3;

State1.Press = P

guard: Slp>=0.28
set: State2.v = v1

(a)
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Figurel3: (a): Hybrid system model for the ABS system, (b): Reduce Events that move system from
statel to state2, (c): the linear velocity of the vehicle V and wheels V,, during braking

Conclusions and Recommendations:

The paper began with a fact that the model is not a law, it is only a scientific fact that has
not been proven correct, it can demonstrate its limitations or disprove only. Therefore, in
this research, we analyze the system to reach the foundations which are used to specify any
system, and at the same time what foundations should be used in model design. As we said
in the introduction the first abstract level in the model is the mathematical level then the
programming language transforms it semantically into models. So, the mathematical
foundation is the basic building block in the design of any model. The research introduces
four types of foundations, and through them the shortcomings are shown. To prove our
idea, we presented the ABS as a Cyber-Physical system, and we illustrate that no Model
can be modeling ABS individually due to the lack of mathematical foundation. In future
research, the work will continue to determine the role of programming languages in this
shortcoming, and then introduce a new criterion in classification and evaluating the models.

List of Abbreviations

MoC Model of Computing CS Continuous System
VSIA Virtual Socket Interface DTS Discrete Time System
SLDL System Level Design Level CES Continuous Events System
CPS cyber-physical systems DES Discrete Events System
DSP Digital Signal Processing DFG Data Flow Graph
CSP | Communicating Sequential Process | CPN Colored Petri Nets
PSM Program State Machine PN Petri Nets

SDF Synchronous Data Flow CM Continuous Model
CFG Control Flow Graph DE Discrete Event

SPN Stochastic Petri Net FSM Finite State Machine
KPN Kahn Process Network SR Synchronous/Reactive
CFSM Codesign Finite State Machine FSMD Finite State Machine with

Datapath
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